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(54) Photonic band gap optical fibre 

(57) An optical device includes, in a predetermined 
section of an optical fiber (1), a first functional part (7) 
having a plurality of Faraday crystal columns (5) that are 
parallel to each other and almost penetrating perpen- 
dicularly to an optical axis (2) of an optical fiber (1) 
through a core thereof, and a second functional part (8) 
having a plurality of holes (6) that are parallel to each 
other and almost penetrating perpendicularly to the op- 
tical axis (2) of the optical fiber (1) through the core 
thereof. A longitudinal direction of the Faraday crystal 



columns (5) and a longitudinal direction of the holes (6) 
form an angle of 45 degrees along a plane perpendicular 
to the optical axis (2). Thus, the optical device can be 
realized only by processing the optical fiber. 

An aspect of the present invention is directed to a 
method of fabricating a photonic crystal. The method in- 
cludes the step of forming the photonic crystal by mak- 
ing, in a predetermined section along an optical axis of 
an optical fiber composed of a core through which light 
propagate and a clad surrounding the core, a plurality 
of columns penetrate through the core. 



FIG. 5 A 
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D script! n 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001 ] The present invention relates to various optical 
devices exemplarily used for optical communications 
and, more specifically, an optical device such as a dis- 
persion compensator for polarized waves and wave- 
lengths of an optical fiber, an optical isolator, an optical 
modulator, and a photonic sensor used for detecting 
voltage or electric current flowing through a power trans- 
mission line or a power distribution line. 

Description of the Background Art 

[0002] Conventional various optical devices are first 
d scribed below. FIG. 31 is a schematic diagram illus- 
trating the structure of an optical isolator, which is one 
example of the conventional optical devices. The optical 
isolator includes a first and second lenses 1003 and 
1 004 for coupling a first optical fiber 1 001 and a second 
ptical fiber 1 002 to each other through an optical sys- 
tem. Placed between these lenses are a polarizer 1 005, 
a Faraday device 1006, and an analyzer 1007. Note 
that, in FIG. 31 , outer lines of a light beam going through 
the optical system is represented as straight lines. Fur- 
thermore, there exists a magnetic field 1008 in the op- 
tical isolator enough to rotate the plane of polarization. 
Also, the polarizer 1005 and the analyzer 1 007 form an 
angle of 45 degrees. The Faraday device 1 006 is exem- 
plarily implemented by a garnet crystal. 
[0003] Described next is the principle of the optical 
isolator. In the optical isolator shown in FIG. 31 , unpo- 
larized light emitted from the first optical fiber 1 001 is 
coupled through the first lens 1 003 to the polarizer 1 005, 
and therein converted into linearly polarized light. Then, 
the linearly polarized light goes to the Faraday device 
1006 that rotates a plane of polarization thereof by 45 
degrees. The linearly polarized light with its plane of po- 
larization rotated is coupled by the analyzer 1 007 having 
the above stated angle to the second optical fiber 1 002 
through the second lens 1004. 

[0004] On the other hand, return light from the second 
optical fiber 1002 is coupled through the second lens 
1 004 to the analyzer 1 007 for conversion into linearly 
polarized light. Then, the linearly polarized light goes to 
the Faraday device 1 006 that rotates a plane of polari- 
zation thereof by 45 degrees. In the analyzer 1 005, how- 
ever, the plane of polarization of the linearly polarized 
light is perpendicular to the polarizing direction of the 
polarizer 1 005. Therefore, no return light can be coupled 
to the first optical fiber 1001 through the first lens 1 003. 
As such, the conv ntional optical isolator requires two 
lens s for coupling optical fibers. 
[0005] Described next is a conventional dispersion 
compensator. In the conventional dispersion compen- 



sator, an optical system is placed between optical fibers. 
Thus, for coupling therebetween the optical system, at 
least two lenses are required. 

[0006] Described next is a conventional optical mod- 
5 ulator. The optical modulator functionally includes, for 
example, a polarizer, a A/4 plate, a Pockels device, and 
an analyzer. Linearly polarized light obtained by the po- 
larizer becomes circularly polarized light by the A/4 
plate, and then becomes eliiptically polarized light de- 
10 pending on the electric field applied to the Pockels de- 
vice. In the analyzer, this elliptic polarization causes 
changes in the amount of light. Thus, optical modulation 
can be achieved depending on the applied electric field. 
Such conventional optical modulator also requires at 
is teast two lenses for coupling the optical system between 
optical fibers. 

[0007] The structure of the conventional optical mod- 
ulator Is described in more detail. For example, as 
shown in FIG. 32, a Mach-Zehnder type mod ulator 20 12 

20 used as the optical modulator is formed on a substrate 
2001 made of LiNb0 3 crystal, for example. In this Mach- 
Zehnder type modulator 2012, a waveguide unit 2002 
includes a waveguide supplied at its incidence side with 
unpolarized light (TM light + TE light) 2005, and 

25 waveguides each polarizing and separating the unpo- 
larized light into two polarized lights (TM light and TE 
light) for emission, and a waveguide coupling these 
lights for emission. Among these waveguides, the 
waveguides for polarization and separation are provid- 

30 ed with electrodes 2003 to one of which a predetermined 
electric field is applied by a signal source 2004. Output 
light 2010 is coupled to an optical fiber 2006 through a 
lens 1 009. The optical fiber 2006 is composed of a core 
2007 through which light is transmitted, and a clad 2008. 

35 [0008] As stated above, the conventional optical de- 
vice such as the optical modulator requires expensive 
waveguides and at least one lens for optically coupling 
the waveguides and the optical fibers. Moreover, such 
coupling requires enormous amount of time and efforts. 

40 [0009] Described next is a conventional optical sen- 
sor. FIG. 33 is a schematic front perspective view of one 
conventional optical voltage sensor. This optical voltage 
sensor includes a sensor part, a light-emitting part, a 
light-receiving part, and signal processing circuits in 

45 ijght-emitting and light-receiving sides (not shown). The 
sensor part is composed of a polarizer 241 , a 1/4 wave- 
plate (also called "A/4 plate") 242, an electro -optic crys- 
tal 243, and an analyzer 244, all arranged on the same 
optical axis in such order from a light incidence side as 

so mentioned above. The light-emitting part includes an E/ 
O circuit including a light-emitting device typified by LED 
(Light Emitting Diode) as a light source, and an inci- 
dence side optical system composed of an optical fiber 
246a, a ferrule 248a, a GRIN lens 247a, and a holder 

55 245a, all of th se arranged on the same optical axis and 
attached together on each optical axis plane with an ad- 
h siv . The light-emitting part includes an output side 
optical system composed of an optical fiber 246b, a fer- 
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rule 248b, a GRIN lens 247b, and a holder 245b, all of 
these arranged on the same optical axis and attached 
togeth r on each optical axis plane with an adhesive, 
and an O/E circuit including a device for converting an 
optical signal emitted from the output side optical sys- 
tem into an electrical signal. 

[0010] In the sensor part of the above optical voltage 
sensor, the polarizer241 , the A/4 plate 242, the electro- 
optic crystal 243, and the analyzer 244 all arranged on 
the same optical axis are attached together on each op- 
tical axis plane with an adhesive. Here, the optical axis 
plane is a plane perpendicular to the optical axis. Each 
of these optical components has two such planes: an 
plane of incidence and a plane of omittance. On the 
electro-optic crystal 243, a pair of electrodes 235 is 
evaporated, and electrically connected to a pair of elec- 
trode terminals 249 by lead wires. Between the elec- 
trode terminals 249, voltage to be measured by this op- 
tical voltage sensor is applied. 

[001 1 ] The signal processing circuits in the light-emit- 
ting and light- receiving sides are respectively connected 
through the light-emitting part and the light-receiving 
part to the sensor part. In the sensor part, the polarizer 
241 is fixed, with an adhesive, at its plane of incidence 
to the optical axis plane of the GRIN lens 247a in the 
light-emitting part. The analyzer 244 is fixed, with an ad- 
hesive, at its plane of emittance to the optical axis plane 
of the GRIN lens 247b. The adhesively fixed sensor part, 
incidence side optical system in the light-emitting part, 
and output side optical system in the light-receiving part 
are m chanically fixed to a case (not shown). As the ad- 
hesive for the optical components in the above optical 
voltag sensor, epoxy resin or urethane resin is used. 
[0012] In the above optical voltage sensor, used as 
the electro-optic crystal 243 is Bi 12 SiO 20 (BSO), 
KH 2 P0 4 (KDP), or a natural birefringent material such 
as LiNb0 3 and LiTa0 3 , for example. 
[0013] With reference to FIG. 34, the operational prin- 
ciple of the optical voltage sensor is described next. 
When an LED whose center wavelength is 0.85u.m is 
exemplary used as the light source in the light-emitting 
part, unpolarized light emitted therefrom is inputted as 
incident light 109 to the sensor part. This incident light 

1 09 passes through the polarizer 241 of the sensor part, 
and th n becomes linearly polarized light. This linearly 
polariz d light passes through the A/4 plate 242 to be- 
come circularly polarized light, and then passes through 
the etectro-optic crystal (UNb0 3 ) 243 to become ellipti- 
cally polarized light depending on applied voltage Vm to 
the electro-optic crystal (LiNb0 3 ). That is, the polariza- 
tt n state of the eliiptically polarized light in the electro- 
optic crystal 243 is varied depending on the applied volt- 
age Vm. Such eliiptically polarized light passes through 
the analyzer 244, and then is received as output light 

1 1 0 by the light-receiving part. Th intensity of the output 
light 1 1 0 is varied depending on the polarization state of 
the eliiptically polarized light in the electro-optic crystal 
243, which is varied according to the applied voltage 



Vm, as stated above. Therefore, by monitoring, at the 
light-receiving part, the change in the output intensity of 
the analyzer 244 to calculate a modulation index of the 
amount of light (intensity), the applied voltage Vm can 
s be measured. Here, the modulation index of the amount 
of light is a ratio of AC components to DC components 
in the amount of light. 

[0014] The light voltage sensor is often used outdoors 
under a hostile environment, and therefore required to 
10 have such temperature dependency as that change in 
modulation index at -20C° to 80C° is preferably below 
±1%. Such temperature dependency is caused by 
changes in refractive index due to stress at an adhesive 
portion on the X/4 plate 242 and the electro-optic crystal 
is 243, or by temperature dependency of birefringence of 
the X/4 plate 242. Also, when the electro-optic crystal 
having natural birefringence such as LiNb0 3 is used, the 
output of the optical voltage sensor is varied, for exam- 
ple, depending on the beam state of the incident light 
20 coming to the electro-optic crystal. 

[0015] FIG. 35 is a graph exemplarily illustrating a re- 
lation between an angular deviation a and a directional 
deviation p, and the output of the optical voltage sensor. 
In FIG. 35, pi represented by a dotted line indicates otit- 
is puts when the directional deviation are 0, 90, 180, and 
270 (degrees). P2 represented by a one-dot-chain line 
indicates outputs when the directional deviation are 45 
and 225 (degrees). p3 represented by a two-dot-chain 
line indicates outputs when the directional deviation are 
30 135 and 315 (degrees). As shown in FIG. 35, depending 
on the beam state of the incident light coming to the elec- 
tro-optic crystal 243 (the angular deviation a and the di- 
rectional deviation p), the output of the optical voltage 
sensor, that is, the modulation index, is varied, and the 
35 temperature dependency thereof are varied. 

[0016] To cope with the above problems, the following 
three methods have been suggested for improving the 
temperature dependency. 

40 (1) A first method, disclosed in Japanese Patent 
Laid-Open Publication No. 9-145745 
(1997-145745), is to improve the temperature de- 
pendency of the electro-optic crystal by relaxing 
stress applied thereto. This relaxation is achieved 

45 by fixing the electro-optic crystal without an adhe- 
sive. 

(2) A second method, disclosed in Japanese Patent 
Laid-Open Publication No. 3-44562 (1991-44562), 
is to improve the temperature dependency of natu- 
re ral birefringence of the electro-optic crystal by re- 
ducing angular deviation of the incident light to 0.2° 
or less by improving surface accuracy of each opti- 
cal component. 

(3) A third method, disclosed in Japanese Patent 
55 Laid-Open Publication No. 7-248339 

(1995-248339), is to improve the temperature de- 
pendency of the sensor output by an incident angle 
adjuster changing incident angle of the incident light 
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to the electro-optic device depending n the ambi- 
ent temperature, in the incident angle adjuster, out- 
put changes due to temperature change are can- 
celled out with output changes due to incident angle 
change. 5 

[0017] As stated above, in the conventional optical 
device, at least one (or two) lens(es) are required for 
connecting the optica! system between optical fibers, 
thereby increasing the number of components. Moreo- 
ver, such coupling of the optical system requires enor- 
mous amount of time and efforts. Therefore, with the 
above mentioned structure, the optical device disadvan- 
tageous^ costs more. 

[0018] Furthermore, the optical sensor bears another 
unique problems in relation to the temperature depend- 
ency. That is, according to the first method, fluctuations 
in beam state that cause large temperature dependency 
can be prevented, but variations in temperature depend- 
ency cannot be prevented if the initial beam state fluc- 
tuates. The second method is easy to use, but axial de- 
viation affects not only angular deviation but also direc- 
tional deviation. Therefore, only reducing axial deviation 
based on the second method do not yield stable de- 
pendency. In the third method, the incident angle adjust- 
er f r changing the incident angle of the incident light to 
the electro-optic crystal depending on ambient temper- 
ature is required. This causes complexity in structure, 
leading to reduction in productivity and increase in cost. 
Also, as stated above, axial deviation affects not only 
angular deviation but also directional deviation. There- 
fore, only adjusting the incident angle of the light, that 
is, the axial deviation, does not yield stable temperature 
dependency. 

[0019] To cope with the above problems, the Appli- 
cant has submitted an application of Japanese Patent 
Laid-Open Publication No. 11-215798 (1996-215798) 
disclosing the invention of an optical voltage sensor 
based on a method of controlling the modulation index 
by using axial deviation characteristics of an electro-op- 
tical crystal having natural birefringence. According to 
the optical voltage sensor of the above pending appli- 
cation, the temperature dependency of the optical volt- 
age sensor is improved by controlling the beam state of 
the incident light to the electro-optical crystal. That is, 
by appropriately setting the state of axial deviation in 
consideration of not only angular deviation but also di- 
rectional deviation, the temperature dependency is im- 
proved. 

[0020] However, controlling the beam state based on 
the invention of the above pending application requires 
beam-state management for preventing variations in 
beam state caused by tolerances among optical com- 
ponents such as a lens, thereby disadvantageously in- 
cr asing cost. 

[0021] Therefore, to bring down the price of optical 
voltage sensors, the beam state has to be managed at 
low cost. 



SUMMARY OF THE INVENTION 

[0022] Therefore, an object of the present invention is 
to provide a low-cost optical device having a smaller 
number of components capable of easily coupling an 
optical system between optical fibers at low cost. A fur- 
ther object of the present invention is to provide an op- 
tical sensor such as an optical voltage sensor with tem- 
perature dependency stabilized by suppressing varia- 
tions in beam state caused by tolerances among optical 
components and other factors. 

[0023] The present invention has the following fea- 
tures to attain the objects above. 
[0024] A first aspect of the present invention is direct- 
ed to a method of fabricating a photonic crystal, includ- 
ing the step of forming the photonic crystal directly on 
an end surface of at least one optical fiber as a sub- 
strate. For example, a plurality of optical fibers are tied 
in bundle with each end surface aligned on a same plane 
to form an optical fiber bundle, and the photonic crystal 
directly is directly on an end surface of the optical fiber 
bundle formed by the end surfaces of the optical fibers 
aligned on the same plane as the substrate. Then, by 
separating the optical fiber bundle into the optical fibers , 
the photonic crystal formed on the each end surface of 
the optical fibers is obtained. 

[0025] A second aspect of the present invention is di- 
rected to a method of fabricating a photonic crystal. The 
method includes the step of forming the photonic crystal 
by making, in a predetermined section along an optical 
axis of an optical fiber composed of a core through which 
light propagate and a clad surrounding the core, a plu- 
rality of columns penetrate through the core. For exam- 
ple, the clad is partially removed, in the predetermined 
section from the optical fiber to form at least one plane 
parallel to the optical axis, and a plurality of holes pen- 
etrating the core are formed perpendicularly to the plane 
formed in the removing step. 

[0026] A third aspect of the present invention is direct- 
ed to an optical transmission member for transmitting 
light having a predetermined wavelength. The optical 
transmission member includes an optical fiber for trans- 
mitting the light inputted at one end surface thereof to 
another end surface thereof for output; and a photonic 
crystal layer formed on at least either one of the end 
surfaces of the optical fiber and functioning as a linear 
polarizer for the light having the wavelength. 
[0027] A fourth aspect of the present invention is di- 
rected to an optical transmission member for transmit- 
ting light having a predetermined wavelength. The opti- 
cal transmission member includes an optical fiber for 
transmitting the light inputted at one end surface thereof 
to another end surface thereof for output; and a photonic 
crystal layer formed on at least either one of the end 
surfaces of the optical fiber and functioning as a X /4 
plate for the light having the wavelength. 
[0028] A fifth asp ct of the present invention is direct- 
ed to the optical transmission member for transmitting 
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light having a predetermin d wavelength. The optical 
transmission member includes an optical fiber for trans- 
mitting the light inputted at one end surface thereof to 
another end surface thereof for output; and a photonic 
crystal layer formed on at least either one of the end s 
surfaces of the optical fiber and functioning as a phot- 
onic-crystal circular polarizer for the light having the 
wavelength. 

[0029] A sixth aspect of the present invention is di- 
rected to an optical device at least one functional part 
formed as the photonic crystal with a plurality of columns 
penetrating through a core in a predetermined section 
of an optical fiber along an optical axis of the optical fib- 
er, and a propagation part for propagating the light as a 
function of the optical fiber. The functional part may be 
formed by the plurality of columns parallel to each other 
and periodically distributed on a plane perpendicular to 
a longitudinal direction of the columns. The plurality of 
columns forming the functional part may penetrate 
through the core and the clad of the optical fiber. Also, 
the plurality of columns forming the functional part may 
have a refractive index different from a refractive index 
of material forming the core. All or part of the plurality of 
columns forming the functional part may be a hole, or 
mad of material having a Faraday effect or material 
having an electro-optic effect. 

[0030] Furthermore, electrodes may be provided on 
a surface formed by partially removing the clad. The 
electrodes may be provided in pair on a surface perpen- 
dicular to a longitudinal direction of the plurality of col- 
umns forming the functional part. Alternatively, the elec- 
trodes may be provided in pair on two surfaces parallel 
and opposed to each other with the functional part ther- 
ebetween, and perpendicular to the longitudinal direc- 
tion of the plurality of columns forming the functional 
part. Still alternatively, the electrodes may be provided 
in pair on two surfaces parallel and opposed to each oth- 
er with the functional part therebetween, and parallel to 
the optical axis and the longitudinal direction of the plu- 
rality of columns forming the functional part. Still alter- 
natively, the electrodes may be arranged to apply the 
electric field to the functional part in a direction parallel 
to the optical axis of the optical fiber. Still alternatively, 
the electrodes may be arranged to apply the electric field 
to the functional part perpendicularly to a longitudinal 
direction of the plurality of columns forming the function- 
al part and the optical axis of the optical fiber. Still alter- 
natively, the electrodes may be arranged to apply the 
electric field to form a predetermined angle with a lon- 
gitudinal direction of the plurality of columns along a 
plane perpendicular to the optical axis. 
[0031] Said functional part may include a first func- 
tional part composed of a plurality of columns parallel to 
each other and periodically distributed on a plane per- 
p ndicularto a longitudinal dir ctionofth columns, the 
columns made of a Faraday crystal having a refractive 
index different from a refractive index of mat rial forming 
the core; and a second functional part composed of a 



plurality of holes parallel to each other and distributed 
on a plane perpendicular to a longitudinal direction of 
the holes. The longitudinal direction of the plurality of 
columns forming the first functional part may form an 
angle of 45° with the longitudinal direction of the holes 
forming the second functional part along a plane per- 
pendicular to the optical axis. 

[0032] The first functional part may be composed of 
a plurality of columns made of an electro-optic crystal. 
The second functional part may be composed of a plu- 
rality of first holes. The longitudinal direction of the col- 
umns may be perpendicular or parallel to the longitudi- 
nal direction of the first holes along a plane perpendic- 
ular to the optical axis. 

[0033] The functional part may further include a third 
functional part composed of a plurality of second holes. 
The longitudinal direction of the columns may be per- 
pendicular or parallel to the longitudinal direction of the 
second holes along the plane perpendicular to the opti- 
cal axis. 

[0034] Furthermore, the functional part may be 
formed as a photonic crystal with a predetermined re- 
fractive index and state of distribution, to have a wave- 
length dispersion characteristic of recovering a wave- 
form of the light to be a steep waveform for output, the 
light being spread by a wavelength dispersion charac- 
teristic unique to an optical fiber through which the light 
passed before inputted to the optical fiber. 
[0035] The present optical device may further include 
a guide for surrounding the optical fiber. The guide may 
be cy lindrically shaped having a diameter approximately 
equal to a diameter of a ferrule of another optical fiber 
connected to the optical fiber. By way of example only, 
such guide is a capillary. 

[0036] A seventh aspect of the present invention is di- 
rected to an optical isolator that includes first and sec- 
ond optical fibers formed by a plurality of holes parallel 
to each other penetrating through the core in a prede- 
termined section along an optical axis and periodically 
distributed on a plane perpendicular to a longitudinal di- 
rection of the holes; a Faraday device placed to be 
closely attached between the first and second optical 
fibers; and a guide for mechanically adjusting an optical 
axis of the first optical fiber and an optical axis of the 
second optical fiber, in the optical isolator, a longitudinal 
direction of the holes of the first optical fiber forms an 
angle of 45° with a longitudinal direction of the holes of 
the second optical fiber along a plane perpendicular to 
the optical axis. 

[0037] An eighth aspect of the present invention is di- 
rected to an optical sensor that includes a light-emitting 
part for emitting a light beam; a sensor part including 
circular polarizer means for converting unpolarized light 
into circularly p larized light, an electro- ptic crystal 
film, and an analyz r sequentially arranged on a pr de- 
termined optical axis set along an optical path of the light 
beam; and a light-rec iving part for receiving the light 
beam after passing through the sensor part. The optical 
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sensor measures, based on the light beam received by 
the light-receiving part, a voltage applied to the electro- 
optic crystal film. In the optical sensor, the light-emitting 
part includes a first optical fiber for inducing the light 
beam into the sensor part. The light-receiving part in- 
cludes a second optical fiber for inducing, from the sen- 
sor part, the light beam after passing therethrough. The 
circular polarizer means includes a polarizer for convert- 
ing the unpolarized fight into linearly polarized fight; and 
a X/4 plate for converting the linearly polarized light into 
the circularly polarized light. Here, the polarizer is 
formed on an end surface of the first optical fiber as a 
photonic crystal layer for converting the light beam from 
the light-emitting part into a linearly polarized beam. The 
analyz r is formed on an end surface of the second op- 
tical fiber as a photonic crystal layer for converting the 
light beam after passing through the sensor part into a 
linearly polarized beam. 

[0038] A ninth aspect of the present invention is di- 
rected to an optical sensor that includes a light-emitting 
part for emitting a light beam; a sensor part including 
circular polarizer means for converting unpolarized light 
into circularly polarized light, an electro-optic crystal 
film, and an analyzer sequentially arranged on a prede- 
termined optical axis set along an optical path of the light 
b am; and a light-receiving part for receiving the light 
beam after passing through the sensor part. The optical 
sensor measures, based on the light beam received by 
the light-receiving part, a voltage applied to the electro- 
optic crystal film. In the optical sensor, the light-emitting 
part includes a first optical fiber for inducing the light 
beam into the sensor part. The light-receiving part in- 
cludes a second optical fiber for inducing, from the sen- 
sor part, the light beam after passing therethrough. 
Here, the circular polarizer means is formed on an end 
surface of the first optical fiber as a photonic crystal layer 
for converting the light beam from the light-emitting part 
into a circularly polarized beam. The analyzer is formed 
on an end surface of the second optical fiber as a pho- 
tonic crystal layer for converting the light beam after 
passing through the sensor part into a linearly polarized 
beam. 

[0039] A tenth aspect of the present invention is di- 
rected to an optical sensor that includes a light-emitting 
part for emitting a light beam; a sensor part including a 
polarizer, a magneto-optic crystal film, and an analyzer 
sequentially arranged on a predetermined optical axis 
set along an optical path of the light beam; and a light- 
receiving part for receiving the light beam after passing 
through the sensor part The optical sensor measures, 
based on the light beam received by the light-receiving 
part, a voltage applied to the magneto-optic crystal film. 
In the optical sensor, the light-emitting part includes a 
first optical fiber for inducing the light beam into the sen- 
sor part. The light-rec iving part includes a second op- 
tical fiber for inducing the light b am for th sensor part. 
Here, the polarizer is formed on an end surface of the 
first optical fiber as a photonic crystal layer for convert- 



ing the light beams from the light-emitting part into a lin- 
early polarized light beam. The analyzer is formed on 
an end surface of the second optical fiber as a photonic 
crystal layer for converting into the light beams after 
5 passing through the sensor part into a linearly polarized 
beam. 

[0040] An eleventh aspect of the present invention is 
directed to an optical sensor that includes a light-emit- 
ting part for emitting a light beam; a sensor part including 

10 a polarizer, a X/4 plate, an electro-optic crystal, and an 
analyzer sequentially arranged on a predetermined op- 
tical axis set along an optical path of the light beam; and 
a light-receiving part for receiving the light beam after 
passing through the sensor part. The optical sensor 

*5 measures.basedonthelightbeamreceivedbythelight- 
receiving part, a voltage applied to the electro-optic 
crystal. The optical sensor includes a first reflective film 
having a reflection plane perpendicular to the optical ax- 
is and placed between the X/4 plate and the electro-optic 

20 crystal; and a second reflective film having a reflection 
plane perpendicular to the optical axis and placed be- 
tween the electro-optic crystal and the analyzer. An in- 
terval between the first reflective film and the second 
reflective film is an integer multiple of half a wavelength 

25 of the light beam. 

[0041] These and other objects, features, aspects 
and advantages of the present invention will become 
more apparent from the following detailed description of 
the present invention when taken in conjunction with the 

30 accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 



[0042] 

35 

FIG. 1 is a perspective view of a photonic crystal 
circular polarizer; 

FIG. 2 is diagram showing a method of fabricating 
a photonic crystal that functions as a polarizer, an 
40 analyzer, a circular polarizer, etc. ; 

FIG. 3 is a diagram showing another method of fab- 
ricating the photonic crystal that functions as the 
above; 

FIG. 4 is a diagram showing a photonic band for a 
^5 square array of columns in a core of an optical fiber; 
FIG. 5 is a schematic diagram showing the structure 
of an optical device according to a first embodiment 
of the present invention; 

FIG. 6 is a schematic diagram partially showing the 
so structure of another optical device according to the 
first embodiment of the present invention; 
FIG. 7A to 7C are schematic diagrams each show- 
ing the structure of an optical device according to a 
second embodiment of the present invention; 
55 FIG. 8 is a sen maticsid view sh wing th struc- 
ture of an optical device according to a third embod- 
iment of the present invention; 
FIG. 9 is a schematic side view of an optical device 
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according to a fourth embodiment of the present in- 
vention; 

FIG 10 is an overall view of an optical device ac- 
cording to a fifth embodiment of the present inven- 
tion 

FIG 11 is a schematic perspective view of an optical 
fiber 7" wlh a functional part 78 shown in FIG. 10 
enlarged 

FIG 1 2 is a horizontal section view of the entire op- 
tical device according to the sixth embodiment of 
the present invention: 

FIGS. 13A and 13B are schematic diagrams each 
showing the structure of an optica! device according 
to the sixth embodiment of the present invention; 
FIG 14 is a schematic diagram showing the struc- 
ture of an optcai device according to a seventh em- 
bodiment of the present invention; 
FIG 15 is a schematic diagram showing the struc- 
ture of an opxrti device according lo an eight em- 
bodiment of the pic-sent invention. 
FIGS. 16A and iCB #*fc schematic diagrams each 
showing the structuc of optical device according 
to a ninth embod*mcn! of the present invention; 
FIGS. 17A and i 7B ate tcn^matic diagrams each 
showing the structu o of optical device according 
to a tenth cmbodimont of the present invention; 
FIGS. 1 8A and 1 8B *r e fcc*em*tic section views of 
an example arranrjorrwit of electrodes in an optical 
device according to *n eleventh embodiment of the 
present invention 

FIG. 1 9 is a hon/ontni section view of an optical de- 
vice according to a twelfth embodiment of the 
present invention 

FIG. 20 is a schematic diagram showing the struc- 
ture of an optica' voltage sensor according to a thir- 
teenth embodiment of the present invention; 
FIG. 21 is a diagram showing temperature depend- 
ency of output changes of an optical voltage sensor 
due to temperature dcpcnocncy of a crystal A/4 
plate, output changes of a vertical-modulation opti- 
cal voltage sensor due to temperature dependency 
of an electro-optc UNbO^ crystal, and output 
changes of a lateral -modulation optical voltage sen- 
sor due to tempera: urc Dependency of the electro- 
optic LiNb0 3 crystal 

FIG. 22 is a diagram showirg a conductive reflec- 
tive film in an optic*! v->U/iqe sensor according to a 
fourteenth embodiment of the present embodiment; 
FIG. 23 is a diagram shewing a m u It i layered con- 
ductive reflective film f on-red by alternately laminat- 
ing a low-refractive mdc* layer and a high-refrac- 
tive-indcx layer: 

FIG. 24 is a front porspocwo view of the main struc- 
ture of an optical voltage icr sor according to a six- 
teenth embodim nl of the present invention; 
FIG. 25 is a front perspeetrve view cf the main struc- 
ture of an optical voltage sensor according a sev- 
enteenth embodiment of the present invention; 



FIG. 26 is a front perspective view of the main struc- 
ture of an optical voltage sensor according to an 
eighteenth embodiment of the present invention; 
FIG. 27 is a front perspective view of the main struc- 

5 tu re of an optical voltage sensor according to a nine- 
teenth embodiment of the present invention; 
FIG. 28 is a front perspective view of the main struc- 
ture of an optical voltage sensor according to a 
twentieth embodiment of the present invention; 

10 FIG. 29 is a front perspective view of the main struc- 
ture of an optical magnetic-field sensor according 
to a twenty-first embodiment of the present inven- 
tion; 

FIG . 30 is a front perspective view of an optical mag- 
* s netic field sensor according to a twenty-second em- 
bodiment of the present invention; 
FIG. 31 is a schematic diagram showing the struc- 
ture of an optical isolator, which is one of conven- 
tional optical devices; 
20 FIG. 32 is a schematic diagram showing the struc- 
ture of a Mach-Zehnder type modulator; 
FIG. 33 is a front perspective view of a conventional 
optical voltage sensor; 

FIG. 34 is a diagram demonstrating the operational 
25 principle of the optical voltage sensor; and 

FIG. 35 is a diagram showing characteristics ob- 
served in a relation between outputs of the conven- 
tional optical voltage sensor and angular deviation 
of incident light to an electro-optic crystal. 

30 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0043] The structures of optical devices according to 
35 embodiments are described in detail. Priorto that, briefly 
described are photonic crystals used for polarizers (lin- 
ear polarizers and circular polarizers), analyzers, A74 
plates, Pockels devices, and other components, and a 
method of fabricating such photonic crystals. 

40 

fabrication of photonic crystals functioning as liner 
polarizers> 

[0044] Photonic crystals are exemplarily described in 
45 adocument "Photonic Crystals", John D. Joannopoulos, 
Robert D. Meade, and Joshua N. Winn, 1 995, Princeton 
University Press (hereinafter simply referred to as "doc- 
ument"), which is herein incorporated by reference. As 
described in this document, a photonic crystal has one, 
so two or three dimensional periodic structure made of a 
relatively high refractive-index material and relatively 
low refractive- index material. The photonic crystal con- 
trols a light wave by mainly using dispersion character- 
istics of the light wave in the above periodic structure. 
55 The dispersion charact ristics are caused by a refrac- 
tive index and shape of such high and low refractive- 
index mat rials, periodicity of spatial change in refrac- 
tive index, and the direction and wavelength of an Inci- 
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dent light beam (hereinafter, "beam direction" and 
"beam wavelength", respectively). Therefore, such phe- 
nomenon can be observed as that appropriately control- 
ling the refractive index and shape, periodicity of spatial 
chanqc in refractive index, and the beam direction of the 5 
photonic crystal with respect to the beam wavelength 
causes a difference in dispersion characteristics be- 
tween two types of linearly polarized lights, that is, TM 
wave and TE wave. Using this phenomenon, polarizers 
ard >/4 piaics can be realized. For example, a polarizer 
ustnc, such pt-otonic crystal is disclosed in Japanese 
Patent Laid Open Publication No. 2000-56133. Also, 
many typos of shape of the high-refractive-index mate- 
rial and low fefractive-index material used for photonic 
crystals hewe boon suggested and fabricated, as de- 
sc'Oca n nc aoovc document. 
{0045] Thcf ctof c n is possible to form, on an end sur- 
face o* an epical foor a photonic crystal layer function- 
ing a* a linear poian/cf or an analyser used in an eight- 
eenth e*»*A*J«n described later, for example,. That 
is when a pnctoric crystal layer made of a high-refrac- 
t/ve tnocM fTVftc»ai *md h low-refractive-index material 
is lormcd cr\ the ena surface of the optical fiber, the re- 
fractive rdci ana tn ipe of such high and low rcfractive- 
■ndc* m «ionaJ£, tne porioaicity of spatial change in re- 
fractive m oo* ard tnc boam direction with respect to 
the w*veion<7tn o* tro igh: arc so set that only one of 
the TM w*«vp ard tno TF wave is enabled to pass 
th'ougn the pt*oton>c crystal layer (refer to FIGS. 4 and 
6 m Japanese P*tcri Laid-Open Publication No. 
2000 56133) A spoof c method of forming a photonic 
crystal cn an end surface of an optical fiber will be de- 
scribed alor 

[0046] In a thtcccilh embodiment which will be de- 
scribed later, a mutiptaycr film is fabricated as a phot- 
onic crystal by alternate^ laminating two types of layers, 
that is. a high-rcfractive-index layer and a low-refrac- 
trve-index layer. If lamination is made in a direction of 
an incident Itghi to a sensor part (optical axis direction) 
so that the sum of the thickness of high- and low-refrac- 
tive-index layers is equal to one-fourth the wavelength 
of the incident light, neither TM wave nor TE wave can 
pass through the photonic layer. This means that the 
multilayer film formed as a one-dimensional photonic 
crystal functions as a reflector. The structure of an opti- 
cal device using such function will be specifically de- 
scribed later in the corresponding embodiments. 

< Fabrication of photonic crystals functioning as A/4 
plates> 

[0047] If the above mentioned phenomenon is used, 
A/4 plates can also be realized. Therefore, as in a nine- 
t enth embodiment, which will be described later, for ex- 
ample, a photonic crystal layer functioning as a A/4 plat 
can be formed on the end surface of an optical fiber. 
That is, wh n a photonic crystal layer compos d of highl- 
and low-refractive-index layers is formed on the end sur- 



face of the optical fiber (a method used therefor will be 
described later in detail), the refractive index and shape 
of the high and low refractive-index materials, the peri- 
odicity of spatial change in refractive index, and the 
beam direction with respect to the wavelength of the 
light are so set as that both TM wave and TE wave form- 
ing a light to be transmitted through the optical fiber can 
pass through the photonic crystal and, after passing, 
have a difference in phase which is equal to one-fourth 
the wavelength of the light. 

fabrication of photonic crystals functioning as circular 
polarizers> 

[0048] A circular polarizer converts an unpolarized 
light into a circularly polarized light. Such circular polar- 
izer can be realized by a photonic crystal having one-, 
two-, or three-dimensional periodic structure made of 
relatively high and low magnetically-permeable materi- 
als in a light propagating direction. 
[0049] FIG. 1 is a perspective view showing one ex- 
ample of a photonic crystal functioning as the circular 
polarizer. This photonic crystal is structured by periodi- 
cally arranging columns made of material of high mag- 
netic permeability in a medium of low magnetic perme- 
ability (air, for example). The photonic crystal has a pe- 
riodic structure in which a high magnetically-permeable 
part 211 and a low magnetically-permeable part 21 2 are 
two-dimensional ty repeated at predetermined periods, 
that is, the magnetic permeability is two-dimensionally 
changed at predetermined periods. Such periodic struc- 
ture is hereinafter referred to as "two-dimensional peri- 
odic structure for magnetic permeability". Note that the 
high magnetically permeable part 211 is required to 
have high magnetic permeability at least in a propagat- 
ing direction of the incident light to this two-dimensional 
photonic crystal 21 0, but not in all directions. Similarly, 
the low magnetically permeable part 212 is required to 
have low magnetic permeability at least in the propagat- 
ing direction as the above. 

[0050] Now, assume that an unpolarized light 215 is 
inputted into the photonic crystal 210 having the two- 
dimensional periodic structure for magnetic permeabil- 
ity. Such light is hereinafter referred to as "unpolarized 
incident light". Also assume herein that the two-dimen- 
sional photonic crystal 210 is so structured, as shown 
in FIG. 1 , as that permeability is periodically changed in 
a propagating direction of the unpolarized incident light 
21 5 and in at least one direction perpendicular to the 
propagating direction. In general, such unpolarized in- 
cident light 215 can be resolved into a right-handed cir- 
cularly polarized light 21 3 whose electric-field vector ro- 
tates clockwise and a sinistrorse circularly polarized 
light 214 whose electric-field vector rotates counter- 
clockwise. Th magn tic fi Id of th left-handed circu- 
larly polarized light 213 (a wave in such field is her in- 
after referred as "first magnetic field wave") and that of 
the sinistrorse circularly polarized light 214 (a wave in 
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such field is hereinafter referr d to as "s cond magnetic 
field wave") are oriented parallel to the propagating di- 
rection of the unpolarized incident light 21 5 and in a re- 
verse direction to each other. Here, assume a case 
where magnetic permeabilities of the high and low mag- 
netically permeable parts 211 and 212, periodicity of 
spatial change in magnetic permeability, and the direc- 
tion of the unpolarized incident light 215 are appropri- 
ately set with respect to the wavelength of the unpolar- 
ized incident light 215. In this case, when the first and 
second magnetic field waves are reflected at the bound- 
ary between the high and low magnetically permeable 
pars 211 and 212, a phase difference before and after 
reflection of the first magnetic field wave is dissimilar to 
the second magnetic field wave. If such dissimilarity in 
phase difference satisfies predetermined conditions, 
dispersion of one of the first and second magnetic field 
waves acts in a direction weakening the corresponding 
magnetic field, dispersion of the other acts in a direction 
strengthening the corresponding magnetic field. Conse- 
quently, as with the above stated photonic crystal func- 
tioning as the linear polarizer, only one of the first and 
second magnetic field waves can pass through the two- 
dim nsional photonic crystal 210. Therefore, by appro- 
priately setting in the two-dimensional photonic crystal 
210 magnetic permeabilities of the high and low mag- 
netically permeable parts 211 and 212, periodicity of 
spatial change in magnetic permeability, and the direc- 
tion of the unpolarized incident light 21 5 with respect to 
the wavelength of the unpolarized incident light 21 5, the 
two-dimensional photonic crystal 210 can function as 
the circular polarizer and a circularly polarized output 
light 216 can be obtained. Therefore, as in a twentieth 
mbodiment which will be described later, for example, 
it is possible to form the photonic crystal layer function- 
ing as the circular polarizer on the end surface of the 
optical fiber as a single layer. A specific forming method 
will be described later. 

l<Fabrication of a photonic crystal layer on the end 
surface of the optical fiber> 

[0051] A method of fabricating a photonic crystal on 
the end surface of the optical fiber is now described. 
FIG. 2 is a diagram demonstrating a method of fabricat- 
ing a photonic crystal having the periodic structure com- 
posed of three-dimensional high refractive particles 221 
and low refractive parts 222. With this fabricating meth- 
od, a photonic crystal 223 is formed on the end surface 
of the optical fiber through processes which will be de- 
scribed below. Although the processes described below 
are applied to fabricating a photonic crystal having a pe- 
riodic structure in refractive index, they can also be ap- 
plied to fabricating a photonic crystal having a periodic 
structure in magnetic p rmeability. 

(1 ) First, a plurality of optical fibers are tied in a bun- 
dle with each end surface aligned on approximately 



the same plane to form an optical fiber bundle 224. 
(2) Onto the end surface of the optical fiber bundle 
224 composed of the end surfaces of the optical fib- 
ers aligned in the above described manner as a 

5 substrate, the high refractive particles 221 are pe- 
riodically multilayered. Each of the high refractive 
index particles 221 has a diameter of 20% to 80% 
of the wavelength of the light beam to be transmitted 
through these optical fibers. 

10 (3) The optical fiber bundle 224 with the high refrac- 
tive index particles 221 periodically multilayered on 
the end surface is separated into optical fibers. 

[0052] Through the above processes (1 ) to (3), optical 
is fibers with photonic crystals fabricated on the end sur- 
face can be mass-produced. Needless to say, the 
number of optical fibers for forming the optical fiber bun- 
dle 224 is not restrictive. Although not suitable for mass 
production, only one optical fiber will do. 
20 [0053] In FIG. 2, the cross-section of the core 3 of the 
optical fiber is equal in diameter to the high refractive 
index particle 221 . The actual core diameter of the op- 
tical fiber is normally 5ujn to 300 u.m. When the beam 
wavelength is 0.85 urn, the diameter of the high refrac- 
ts tive index particle 221 is 0.17u,mto 0.68 ujti. Also, in the 
photonic crystal 223 shown in FIG. 2, the low refractive 
index part 222 is air. Alternatively, after multilayering the 
particles in the manner as stated in the above process 
(2), materials having a refractive index larger than that 
30 of the particles may be filled therebetween. In this case, 
such a photonic crystal is obtained as to have a periodic 
structure including the multilayered particles as low re- 
fractive index parts and the material filled between the 
particles as high refractive index parts. Furthermore, al- 
35 though the photonic crystal 223 shown in FIG. 2 has a 
periodic structure where the high and low refractive in- 
dex parts are alternately repeated, a photonic crystal 
having a periodic structure where high and low magnetic 
permeability parts are alternately repeated can also be 
40 formed on the end surface of the optical fiber in the man- 
ner similar to the above. 

[0054] Through the processes (1 ) to (3) for periodical- 
ly multilayering the high refractive index particles 221 , 
these particles 221 are arranged in a regular pattern 
*5 and, typically, spaced uniformly. If high refractive index 
particles 221 are multilayered on the end surface of the 
optical fiber in a specific pattern, however, further proc- 
esses should be required. 

[0055] For example, in the process (2), before mutti- 
so layering the high refractive index particles 221 , a proc- 
ess is added for forming a desired groove pattern on the 
end surface of the optica! fiber. With this process, the 
high refractive index particles 221 can be arrange ac- 
cording to the pattern, and a photonic crystal having a 
55 d sired structure n the end surface of th optical fib r 
can be formed. 

[0056] Her , the groove pattern is a collection of shal- 
low grooves provided for fixing each of the high refrac- 
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tive index particles 221 in each predetermined position. 
The width and depth of each groove is not specifically 
restrictive. Also, the pattern is not restricted to be 
groove-like, and may be of any type, such as formed by 
on or more projecting lines or dots, or dented lines or 
dots. 

[0057] To form the above stated groove pattern on the 
end surface of the optical fiber, the following three spe- 
cific methods can be exemplarily thought. A first method 
is to coat the substrate with a resin film made of PMMA 
(polymethyl methacrylate), for example, by using a spin 
coating method, and then draw a desired groove pattern 
with a lectronic beam for print. A second method is to 
put a mask of the desired groove patter onto the sub- 
strate for etching, and then remove the mask. A third 
method is to press a precise die of the desired groove 
pattern on to the substrate by predetermined force. 
[0058] The end surface of the optical fiber on which 
the photonic crystal 223 shown in FIG. 2 is formed is 
perpendicular to a center axis of the core 3 of the optical 
fiber. In some cases, however, an optimal (or preferable) 
orientation of the end surface may be a direction differ- 
ent from that of multilayering (growing) of the photonic 
crystal 223. More specifically, when the photonic crystal 
functioning as a polarizer is formed, for example, it may 
functions optimally or preferably if multilayered in a pre- 
d termined direction different from that of light emitted 
fr m (or inputted to) the end surface of the optical fiber. 
In such case, the end surface where the photonic crystal 
is formed is so processed as to have a predetermined 
angle with respect to the center axis of the core 3 of the 
optical fiber (in FIG. 3, an optical axis 225 of a core 1 73, 
which will be described later). This processing is done 
by diagonal abrading, for example. That is, as shown in 
FIG. 3, an optical fiber 1 48 is formed having a diagonally 
sectioned end surface 226 so processed as that the an- 
gle between the normal and the optical axis 225 be- 
comes optimal. Then, as with the above stated process 
(2), the high refractive index particles 221 are periodi- 
cally multilayered in the direction of the normal to the 
diagonal end surface 226. Thus, a photonic crystal hav- 
ing a periodic structure including particles 221 as a high 
refractive index part and air between the particles 221 
as a low refractive index part is formed on the diagonal 
end surface 226. 

[0059] In an alternative method, by following the 
above processes (1) through (3), the plurality of optical 
fibers 148 each having the diagonal end surface 226 is 
first tied as being aligned on the same plane into an op- 
tical fiber bundle, a photonic crystal is formed thereon, 
and then the optical fiber bundle is separated into optical 
fibers. With this method, optical fibers with a photonic 
crystal fabricated on each diagonal end surface 226 can 
be mass-produced. 

[0060] Furthermore, consider a case where the pho- 
t nic crystals multilayer d in the direction diagonal to 
the optical axis 225 of the optical fiber 148 as shown in 
FIG. 3 are optically coupled to an optical component 



having a plane perpendicular to the optical axis 225. In 
this case, the optical fiber may be used as it is with such 
diagonal end surface. Alternatively, the photonic crystal 
diagonally multilayered on the end surface may be coat- 
5 ed with resin, for example, to become perpendicular to 
the optical axis 225, thereby intimately contacting with 
the optical component. 

[0061] In the above description, the photonic crystal 
to be formed has a three-dimensional periodic structure 
10 on the end surface perpendicular or diagonal to the op- 
tical axis. This is not restrictive, and the description can 
also be applied to a photonic crystal having a one-di- 
mensional multilayered periodic structure. 

fabrication of photonic crystal layers in the optical 
fiber> 

[0062] Described next is a method of fabricating a 
photonic crystal in the optical fiber. In this method, a plu- 
20 rality of cylindrical holes parallel to each other are so 
formed as to penetrate through an optical fiber com- 
posed of a core and a clad. These cylindrical holes are 
distributed at regular intervals. Such cylindrical holes 
are formed perpendicularly to the optical axis of the op- 
25 tical fiber by, for example, mechanical processing with 
a drill, optical or thermal processing with a laser, or 
chemical processing such as etching. For etching, dry 
etching is performed using anodic aluminum oxide as a 
mask. With any of such processing, the plurality of mi- 
30 croholes are formed penetrating through the core. Filled 
in each cylindrical hole formed as such may be air or 
gas having any refractive index, or a material having an 
arbitrary refractive index with a sol-gel process, for ex- 
ample. Here, the filled material is such functional mate- 
35 rial as Faraday crystal or liquid crystal, and the corre- 
sponding part thereto functions as, by way of example 
only, a polarizer, a Faraday device, and a A/4 plate. How 
to fabricate such optical device will be described in each 
embodiment. 

40 [0063] The cylindrical holes form a photonic crystal 
depending on the state of distribution thereof. FIG. 4 
shows a photonic band obtained by simulation when the 
cylindrical holes are squarely distributed in the core of 
the optical fiber. In FIG. 4, the lateral axis corresponds 

45 to the direction of propagation of light, spreading to all 
directions in a Brillouin zone. The vertical axis repre- 
sents normalized frequency. A solid line indicates light 
in TM mode, while a dotted line indicates light in TE 
mode. A wave vector in the Brillouin zone on the lateral 

so axis corresponds to the direction of propagation of light 
through the optical fiber, while the normalized frequency 
on the vertical axis corresponds to the wavelength of a 
light source 

[0064] In the example shown in FIG. 4, no light in TM 
55 mod can hav th sam wavelength as that of the light 
source within a TM mod photonic band gap, and only 
the light in TE mode having such wavelength can prop- 
agate, although in a restricted direction. Therefore, the 
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cylindrical holes are preferably so distribut d as that the 
direction of propagation of the light in TE mode coin- 
cides with the optical axis of the optical fiber. This ena- 
bles the optical device to function as a polarizer for prop- 
agating the hqnt in TE mode with the wavelength of the 5 
light source in a predetermined direction. As such, if the 
cylindrical holes are so distributed as that the direction 
of propagation coincides with an optical axis of the op- 
tical fiber for polarisation, the optical fiber can serve as 
a polari/cr even for light propagating in the vicinity of 10 
the ootical axis 

[0065] The photonic band shown in FIG. 4 is one ex- 
ample when the cylindrical holes are distributed. This is 
not restrictive By filling each cylindrical hole with mate- 
rial to form a cylinder, for example, the refractive index 
of the rraterwtJ form ng the cylinder can be varied de- 
poning on tnc Micd material. With this, the optical fiber 
c*n r jnction hs * poian/er for light not only in TE mode 
but c«fc>o i" TV mode m all direction of propagation de- 
pending on ttic fcfinctive index, outer diameter, distri- 20 
button s'<itc ot tnc cylindrical hole parts. 
[0066] As si>cri h plurality of cylindrical holes having 
a rcfwictfvc mocx different from that of the core are 
fo r mcd p.imiid to c.ich other perpendicularly to the op- 
tical *kis ot tno optc-*i fiber at predetermined intervals. 25 
By controlling the rcfraetrvo index, the outer diameter, 
ard tnc distnouticn state of the cylindrical holes, disper- 
sion char ad onstrc become varied between the two 
types of linear y polarised lights (TM, TE), thereby ena- 
bling the optical fiber tc function not only as an optical 30 
waveguide but also a polarizer. A/4 plate, or other com- 
ponent Note tnat the shape of the hole is not restricted 
10 be cylindrical Ocscnbed below is embodiments 
where the above method is applied to various optical 
devices 35 
[0067] The optical device according to each of the fol- 
lowing embodiments includes two functional part, that 
is. first and second functional parts, arranged in a pre- 
determined section of an optical fiber along an optical 
axis, the optical fiber being composed of a core through 40 
which light propagates and a clad surrounding the core, 
or further includes a third functional part. These func- 
tional parts are provided at predetermined intervals 
along the optical axis ot the optical fiber. The first func- 
tional part is so structured as that a plurality of columns 45 
parallel to each other and made of material having a re- 
fractive index different from that of material forming the 
cor are penetrating through the optical fiber or the core 
th reof. Specifically, these columns are filled with ma- 
terial having electro-optic effects or Faraday effects, so 
The second and third functional parts are so structured 
as that a plurality of hollow columns (holes) parallel to 
each other are penetrating through the core. These 
functional parts enable the optical device according to 
the present inv ntion to function as a polariz r, a >74 55 
plate, a Faraday devic , and other component by vary- 
ing th dispersion characteristics of two types of linearly 
polarized lights (TM, TE). 



(First embodiment) 

[0068] Described below is a first embodiment of the 
present invention with reference to the drawings. FIG. 
5A is a schematic side view showing the structure of an 
optical device according to the first embodiment of the 
present invention. FIG. SB is a schematic view of a sec- 
tion of the optical device of FIG. 5A through a line B-B* 
perpendicular to an optical axis 2. FIG. 5C is a schemat- 
ic view of a section of the optical device of FIG. 5A 
through a line C-C perpendicular to the optical axis 2. 
Note that, in FIG. 5A, an optical fiber 1 is shown only in 
part that corresponds to the optical device. 
[0069] As shown in FIG. 5A, the optical device is 
formed in the optical fiber 1 . The optical fiber 1 is com- 
posed of a core 3 through which light propagates, and 
a clad 4 surrounding the core 3. Also, in the optica) fiber 

1, two functional parts, that is, a first functional part 7 
and a second functional part 8, are formed, functioning 
the optical device. These first and second functional 
parts 7 and 8 are spaced at a predetermined interval 
along the optical axis 2 of the optical fiber 1 . Note that, 
in the optical fiber 1 , part other than the above functional 
parts achieves only the normal optical transmission 
function. 

[0070] The first functional part 7 is structured by a plu- 
rality of Faraday crystal columns 5 that are parallel to 
each other and so formed in a predetermined section of 
the optical fiber 1 along the optical axis 2 as to penetrate 
perpendicularly to the optical axis 2 through the core 3 
and the clad 4 of the optical fiber 1 . These Faraday crys- 
tal columns 5 are fabricated by filling Faraday crystals 
having a refractive index different from that of the core 
3 in cylindrical holes penetrating perpendicularly to the 
optical axis 2 through the core 3and the clad 4 of the 
optical fiber 1 . This fabrication is exemplarily made with 
the sol-gel process. The Faraday crystal i s a garne t | 
crysta l, for example. These Faraday crystal columns 5 \ 
are so distributed as to form lattices on a plane perpen- 
dicular to a longitudinal direction of each column. As- 
sume herein that there exists a magnetic field 20 parallel 
to the optical axis 2 of the optical fiber, having an inten- 
sity enough to rotate the plane of polarization of light. 
[0071 ] The second functional part 8 is structured by a 
plurality of holes 6 that are parallel to each other and so 
formed in a predetermined section of the optical fiber 1 
along the optical axis 2 as to penetrate through the core 
3 and the clad 4 of the optical fiber 1 perpendicularly to 
the optical axis 2. As with the Faraday crystal columns 
5, these holes 6 are so distributed as to form lattices on 
a plane perpendicular to a longitudinal direction of the 
holes 6. The longitudinal direction of the holes 6 is set 
to have, along a plane perpendicular to the optical axis 

2, an angle of 45° with respect to the longitudinal direc- 
tion of the Faraday crystal columns 5 f th first func- 
tional part 7. These cylindrical holes 6 ar naturally filled 
with air, for example, to have a refractive index different 
from that of the core 3 of the optical fiber 1 . 
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[0072] As is evident from FIGS. SB and 5C, the Far- 
aday crystal substitute columns 5 of the first functional 
part 7 form the angle of 45° with the cylindrical holes 6 
of the second functional part 8. 

[0073] The first and second functional parts 7 and 8 5 
are further described. The cylindrical holes having a re- 
fractive index different from that of the core 3 of the op- 
tical fiber 1 can be formed perpendicularly to the optical 
axis of the optical fiber with a drill, a laser, or through 
etching, as described above. The first functional part 7 10 
is structured by the plurality of Faraday crystal columns 

5 by filling thus formed cylindrical holes in the Faraday 
crystal by the sol-gel process. With this structure, the 
first functional part 7 functions as a polarizer and a Far- 
aday device. The second functional part 8 is structured 15 
only by the plurality of holes 6. To enable the second 
functional part 8 to function as a polarizer (analyzer), 

the outer diameter of each hole 6 and the distribution 
state of the holes 6 are calculated in advance. The lon- 
gitudinal direction of the holes 6 forms an angle of 45° 20 
with the Faraday crystal columns 5 of the first functional 
part 7. 

[0074] As stated above, the plurality of cylindrical 
hoi s or columns filled with functional material that are 
parallel to each other having the refractive index differ- 25 

nt from that of the core 3 are formed perpendicularly 
to the optical axis 2 of the optical fiber at predetermined 
intervals. In such formation, by controlling the refractive 
index, the outer diameter, and the distribution state of 
the holes or columns, dispersion characteristics be- 30 
come varied between two types of linearly polarized 
lights (TM, TE). As a result, in the optical fiber 1 , the first 
functional part 7 functions as a polarizer and a Faraday 
device, while the second functional part 8 functions as 
an analyzer. Therefore, the optical fiber 1 acts as not 35 
only an optical waveguide but also an optical isolator. 
Therefore, there is no need to couple the optical fiber to 
a separate waveguide to the optical isolator via a lens, 
and the number of components can be reduced, thereby 
significantly reducing cost *o 
[0075] FIG. 6 is a schematic diagram partially show- 
ing the structure of another optical device according to 
the first embodiment of the present invention. The holes 

6 shown in FIG. 6 may be those included in the second 
functional part 8 of FIG. 5A, or those before forming the *s 
Faraday crystal columns 5. 

[0076] In the above description, the cylindrical holes 
6 or the holes for forming the Faraday crystal columns 
5 are so formed as to penetrate through both the core 
3 and the clad 4. In FIG. 6, however, these holes may s <> 
be formed only in the core 3. This is because, in reality, 
light passes through only the core 3 in the optical fiber 
1. Therefore, the effects on the light passing inside the 
optical fiber 1 little vary whether these holes penetrate 
through only the core 3 or both the core 3 and the clad 4. ss 
[0077] In th first mbodiment, the hole is shaped in 
column. This is not restrictive, and the hole may b 
shaped in quadratic prism, polygonal prism, cylindroid, 
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or other shapes. Furthermore, the above described 
functions are achieved by a two-dimensional photonic 
crystal including the plurality of columns and holes par- 
allel to each other. This is not restrictive, and those func- 
tions may be achieved by a three-dimensional photonic 
crystal having the structure called as Yablonovite or 
woodpile. 

(Second embodiment) 

[0078] Described below is a second embodiment of 
the present invention with reference to the drawings. 
FIG. 7A is a schematic side view showing the structure 
of an optical device according to the second embodi- 
ment of the present invention. FIG. 7B is a schematic 
view of a section of the optical device of FIG. 7A through 
a line B-B' perpendicular to an optical axis 2. FIG. 7C is 
a schematic view of a section of the optical device of 
FIG. 7A through a line C-C' perpendicular to the optical 
axis 2. Note that, in FIG. 7A, an optical fiber 1 is shown 
only in part that corresponds to the optical device. 
[0079] As shown in FIG. 7, the optical device includes 
an incidence side optical fiber 41 having a core 45 and 
a clad 45, and an output side optical fiber 42 having the 
core 45 and the clad 45, a Faraday device 47 provided 
between the incidence side optical fiber 41 and the out- 
put side optical fiber 42 for rotating a plane of polariza- 
tion of light, and a guide 48 for mechanically adjusting 
the optical axes of those optical fibers 41 and 42. The 
Faraday device 47 is exemplarily implemented by a gar- 
net crysta l. 

[0080] The incidence side optical fiber 41 has a plu- 
rality of cylindrical first holes 43 parallel to each other 
formed along a predetermined section along the optical 
axis 9 so as to penetrate the core 45 and the clad 46 
perpendicularly to the optical axis 49. These first holes 
43 are distributed at predetermined intervals, and have 
a refractive index different from that of the core 45 in the 
optical fiber 41 . 

[0081] Similarly, the output side optical fiber 42 has a 
plurality of cylindrical second holes 44 parallel to each 
other formed along a predetermined section along the 
optical axis 9 so as to penetrate thecore 45 and theclad 
46 perpendicularly to the optical axis 49. These second 
holes 44 are also distributed at predetermined intervals, 
and have a refractive index differentf rom that of thecore 
45 in the optical fiber 41 . 

[0082] Here, as described in the first embodiment, 
these first and second holes 43 and 44 are so distributed 
as to function as polarizers, and arranged periodically, 
as described in FIG. 4. The longitudinal directions of the 
first and second holes 43 and 44 are set to form an angle 
of 45° with each other, as can be seen from FIGS. 5B 
and SC. there exists a magnetic field 40 parallel to the 
optical axis 49 and having an intensity nough to rotat 
the plane of polarization of light. 

[0083] The first and sec nd holes 43 and 44 are 
formed in a similar manner to that in the first embodi- 
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ment. That is, these holes are formed perp ndicularly 
to the optical axis 49 of the optical fiber by a drill, a laser, 
or through etching. 

[0084] In the present embodiment, the incidence side 
optical fiber 41 and the output side optical fiber 42 are 5 
mechanically related to each other via the guide 48, 
which can freely rotate both about the optical axis 49. 
Therefore, the first holes 43 of the incidence optical fiber 
41 and the second holes 44 of the output light optical 
fiber 42 is so adjusted by the guide 48 as to form an 10 
angle of 45° with each other. With such structure, the 
first holes 43 of the incidence side optical fiber 41 and 
the second holes 44 of the output side optical fiber 42 
are similarly created, and the angle formed thereby can 
be adjusted later. Therefore, the optical device can be is 
fabricated at low cost. 

[0085] In the above description, the cylindrical holes 
are so formed as to penetrate through both the core 45 
and the clad 46. However, as with the case shown in 
FIG. 6, these holes may be formed only in the core 45. 20 
Furthermore, the first or second hole 43 or 44 may be 
filled with material such as a Faraday crystal having a 
r fractive index different form that of the core 45 of each 
ptical fiber. Here, if the first or second holes 43 or 44 
are filled with a Faraday crystal, the Faraday device 47 25 
can be omitted. 

[0086] In the first embodiment, the hole is shaped in 
column. This is not restrictive, and the hole may be 
shaped in quadratic prism, polygonal prism, cylindroid, 
or other shapes. Furthermore, the above described 30 
functions are achieved by a two-dimensional photonic 
crystal including the plurality of columns and holes par- 
allel to each other. This is not restrictive, and those func- 
tions may be achieved by a three-dimensional photonic 
crystal having the structure called as Yablonovite or 35 
woodpile. Still further, instead of the first and second 
holes 43 and 44, the incidence side optical fiber 41 and 
the output side optical fiber 42 may each have a phot- 
onic crystal layer fabricated on the end surface thereof. 
How to fabricate a photonic crystal layer on the end surf *o 
face of the optical fiber has been described, by using 
FIG. 2, for example, described in which is how to fabri- 
cate a photonic crystal having a three-dimensional pe^j 
riodic structure including the high refractive index parti-£ 
cles 221 and the low refractive index parts 222. \ 
[0087] As such, a polarizer and an analyzer can be 
formed only with the same process applied to the optical 
fib r for forming holes. By combining the optical fiber 
functioning as the polarizer and analyzer with a Faraday 
d vice, an optical isolator can be formed. Therefore, so 
there is no need to couple the optical fiber to a separate 
waveguide to the optical isolator via a lens, and the 
number of components can be reduced, thereby signif- 
icantly reducing cost. 

55 

(Third mbodiment) 

[0088] Described below is a third embodiment of the 



present invention with reference to the drawings. FIG. 
8 is a schematic side view showing the structure of an 
optical device according to the third embodiment of the 
present invention. Note that, in FIG. 8, an optical fiber 
51 is shown only in part that corresponds to the optical 
device. 

[0089] As shown in FIG. 8, the optical device includes 
the optical fiber 51 , a pair of electrodes 59 causing an 
electric field perpendicular to an optical axis 52 of the 
optical fiber 51 , and a signal source 50 applying a pre- 
determined voltage to one of the electrodes 59. The op- 
tical fiber 51 is composed of a core 53 through which 
light passes and a clad 54 surrounding the core 53. Also 
formed in the optical fiber 51 are two functional parts, 
that is, a first functional part 57 and a second functional 
part 58, functioning as the optical device. These first and 
second functional parts 57 and 58 are provided at a pre- 
determined interval along the optical axis 52 of the op- 
tical fiber 51. 

[0090] The first functional part 57 is structured by a 
plurality of Pockels crystal columns 55 that are parallel 
to each other and so formed in a predetermined section 
of the optical fiber 51 along the optical axis 52 as to pen- 
etrate through the core 53 and the clad 54 of the optical 
fiber 51 perpendicularly to the optical axis 52. These 
Pockels crystal columns 55 are so distributed as to form 
lattices on a plane perpendicular to a longitudinal direc- 
tion of each column. These Pockels crystal columns 55 
are fabricated by filling a Pockels crystal with the sol-gel 
process, for example. The Pockels crystal is known as 
a material having a linear electro-optic effect, and ex- 
emplarily made of LiNb0 3 , LiTa0 3 , NH4H2PO4, and 
KH 2 P0 4 . 

[0091] The second functional part 58 is structured by 
a plurality of holes 56 that are parallel to each other and 
so formed in a predetermined section of the optical fiber 
51 along the optical axis 52 as to penetrate through the 
core 53 and the clad 54 of the optical fiber 51 perpen- 
dicularly to the optical axis 52. These holes 6 are also 
so distributed as to form lattices on a plane perpendic- 
ular to a longitudinal direction of the holes 56, and have 
a refractive index different from that of the core 53 of the 
optical fiber 51 . 

[0092] The first and second functional parts 57 and 
58 are further described in detail. The cylindrical holes 
having a refractive index different from that of the core 
53 of the optical fiber 51 can be formed perpendicularly 
to the optical axis of the optical fiber with a drill, a laser, 
or through etching, as described above. The first func- 
tional part 57 is structured by the plurality of Pockels 
crystal columns 55 fabricated in the above described 
manner, and functions as both a polarizer and a Pockels 
device. The second functional part 58 is structured only 
by the plurality of holes 56. To enable the second func- 
tional part 58 to function as a polarizer (analyzer), the 
outer diameter of ach hole 56 and the distribution state 
of the holes 56 are calculated in advance. The formed 
holes 56 are perpendicular or parallel to the Pockels 
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crystal columns 55 of the first functional part 57 along a 
plane perp ndicufar to the optical axis 52. 
[0093] Furthermore, to nable the Pockels crystalcol- 
umns 55 to function as a A/4 plate, the electric field ap- 
plied to the electrode 59 by the signal source 50 is con- 
trolled in magnitude for varying the refraction index of 
the Pockels crystal column 55. Also, the signal source 
50 can vary the electric field of the electrode 59 period- 
ically. Consequently, the refractive index of the Pockels 
crystal columns 55 is varied. Therefore, an optical signal 
passing through the first functional part 57 can be 
changed. 

[0094] As such, a polarizer, an analyzer, and a A/4 
plate can be formed only by processing the optical fiber 
51 . With this, the optical fiber 51 acts as an optical mod- 
ulator. Therefore, there is no need to couple the optical 
fiber to a separate waveguide to the optical isolator via 
a lens, and the number of components can be reduced, 
thereby significantly reducing cost. 
[0095] In the above description, the cylindrical holes 
are so formed as to penetrate through both the core 53 
and the clad 54. However, as with the case shown in 
FIG. 6, these holes may be formed only in the core 53. 
Furthermore, in the above description, the hole is 
shaped in column. This is not restrictive, and the hole 
may be shaped in quadratic prism, polygonal prism, cy- 
iindroid, or other shapes. Still further, in the above de- 
scription, the above described functions are achieved 
by a two-dimensional photonic crystal including the plu- 
rality of columns and holes parallel to each other. This 
is not restrictive, and those functions may be achieved 
by a three-dimensional photonic crystal having the 
structure called as Yablonovite or woodpile. 

(Fourth embodiment) 

[0096] Described below is a fourth embodiment of the 
present invention with reference to the drawings. FIG. 
9 is a schematic side view showing the structure of an 
optical device according to the fourth embodiment of the 
present invention. Note that, in FIG. 9 ; an optical fiber 
61 is shown only in part that corresponds to the optical 
device. 

[0097] As shown in FIG. 9, the optical device includes 
the optical fiber 61 , a pair of electrodes 63 causing an 
electric field perpendicular to an optical axis 62 of the 
optical fiber 61 , and a signal source 60 applying a pre- 
determined voltage to one of the electrodes 63. The op- 
tical fiber 61 is composed of a core 83 through which 
light passes and a clad 84 surrounding the core 83. Also 
formed in the optical fiber 61 are three functional parts, 
that is, a first functional part 67, a second functional part 
68, and a third functional part 69, functioning as the op- 
tical device. These first to third functional parts 67 and 
69 are provided at predetermined intervals along the op- 
tical axis 62 of th optical fiber 61 . 
[0098] As with the first functional part 57 of the third 
embodiment, the first functional part 67 is structured by 



a plurality of Pockels crystal columns 64 that are parallel 
to each oth r and so formed in a predetermined section 
of the optical fiber 61 along the optical axis 62 as to pen- 
etrat through the core 83 and the clad 84 of the optical 

5 fiber 61 perpendicularly to the optical axis 62. 

[0099] As with the second functional part 58 of the 
third embodiment, the first and second functional parts 
68 and 69 of the present embodiment are structured by 
a plurality of first holes 65 and second holes 66, respec- 

10 tively, that are parallel to each other and so formed in a 
predetermined section of the optical fiber 61 along the 
optical axis 62 as to penetrate through the core 83 and 
the clad 84 of the optical fiber 61 perpendicularly to the 
optical axis 62. These first and second holes 65 and 66 

is are respectively so distributed as to form lattices on a 
plane perpendicular to a longitudinal direction of each 
hole, and have refractive indexes different from that of 
the core 83 of the optical fiber 61 . The first and second 
holes 65 and 66 are also provided perpendicularly or 

20 parallel to the Pockels crystal columns 64 of the first 
functional part 67 along a plane perpendicular to the op- 
tical axis 62. 

[0100] The first to third functional parts 67 to 69 are 
further described in detail. The cylindrical holes having 

25 a refractive index diffe rent from that of the core 83 of the 
optical fiber 61 can be formed perpendicularly to the op- 
tical axis of the optical f iber with a drill, a laser, or through 
etching, as described above. The first functional part 67 
is structured by the plurality of Pockels crystal columns 

30 64 fabricated in the above described manner, and func- 
tions as both a polarizer and a Pockels device. The sec- 
ond functional part 68 is structured only by the plurality 
of first holes 65. To enable the second functional part 58 
to function as a A/4 plate, the outer diameter of each first 

35 hole 65 and the distribution state of the first holes 65 are 
calculated in advance. The formed first holes 65 are per- 
pendicular or parallel to the Pockels crystal columns 64 
of the first functional part 67, and arranged periodically, 
as already described in FIG. 4. Also, the third functional 

40 part 69 has, as with the second functional part 68.. has 
second holes 66 formed perpendicularly or parallel to 
the Pockels crystal columns 64 of the first functional part 
68 in order to function as a polarizer (analyzer) . 
[01 01 ] Furthermore, the signal source 50 periodically 

4s varies the electric field applied to the electrode 59 to vary 
the refractive index of the Pockels crystal columns 55, 
thereby changing an optical signal passing through the 
first functional part 67. 

[0102] As such, a polarizer, a Pockels device, a X/4 
50 plate, and an analyzer can be formed only by processing 
the optical fiber 61 . With this, the optical fiber 61 acts as 
an optical modulator. Therefore, there is no need to cou- 
ple the optical fiber to a separate waveguide to the op- 
tical isolator via a lens, and the number of components 
55 can be reduced, thereby significantly reducing cost. 
[0103] In the abov description, the cylindrical holes 
are so formed as to penetrate through both the core 83 
and the clad 84. However, as with the case -shown in 
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FIG. 6, these holes may be formed only in the core 83. 
Furthermore, in the above description, the hole is 
shaped in column. This is not restrictive, and the hole 
may be shaped in quadratic prism, polygonal prism, cy- 
lindroid, or other shapes. Still further, in the above de- 
scription, the above described functions are achieved 
by a two-dimensional photonic crystal including the plu- 
rality of columns and holes parallel to each other. This 
is not restrictive, and those functions may be achieved 
by a three-dimensional photonic crystal having the 
structure called as Yablonovite or woodpile. 

(Fifth mbodiment) 

[0104] Described below is a fifth embodiment of the 
present invention with reference to the drawings. FIG. 
1 0 is a diagram showing the entire structure of an optical 
device according to the fifth embodiment of the present 
invention. FIG. 11 is a schematic perspective view of an 
optical fiber 71 with a functional part 78 shown in FIG. 
10 enlarged. 

[01 05] As shown in FIG . 9, the optical device is formed 
in the optical fiber 71 . The optical fiber 71 is composed 
of a core 75 through which light passes and a clad 76 
surrounding the core 75. Also formed in the optical fiber 
71 is the functional part 78, functioning as the optical 
d vice. 

[01 06] The functional part 78 is structured by a plural- 
ity f holes 77 that are parallel to each other and so 
formed in a predetermined section of the optical fiber 71 
along the optical axis 72 as to penetrate through the core 
75 and the clad 76 of the optical fiber 61 perpendicularly 
to the optical axis 72. These holes 77 are so distributed 
as to form lattices on a plane perpendicular to a longi- 
tudinal direction of each hole, and have a refractive in- 
dex different from that of the core 75 of the optical fiber 
71 . The holes 77 can be formed perpendicularly to the 
optical axis 72 of the optical fiber 71 with a drill, a laser, 
or through etching, as described above. 
[0107] As stated above, the plurality of cylindrical 
holes parallel to each other having the refractive index 
different from that of the core 75 are formed perpendic- 
ularly to the optical axis 72 of the optical fiber at prede- 
termined intervals. In such formation, by controlling the 
refractive index, the outer diameter, and the distribution 
state of the holes, dispersion characteristics become 
vari d between two types of linearly polarized lights 
(TM, TE). As a result, in the optical fiber 71 , the func- 
tional part 78 can have a dispersion characteristic of de- 
laying or advancing the wavelength. As such, if the 
phase velocity can of the wavelength of the light source 
can be delayed and advanced, a signal 79a dispersed 
due to a wavelength dispersion characteristic unique to 
the ptical fiber can be recovered through the functional 
part 78 to a steep pulse signal 79b such as incid nt light 
73. Therefore, output light 74 b comes a signal such as 
th incident light 73. Therefore, the present optical de- 
vice functions as a dispersion compensator. 



[0108] As such, the optical fiber 71 can act as a dis- 
persion compensator only by processing the optical fib- 
er 71 . Therefore, there is no need to couple the optical 
fiber to a separate waveguide to the optical modulator 

s via a lens, and the number of components can be re- 
duced, thereby significantly reducing cost. 
[0109] in the above description, the cylindrical holes 
are so formed as to penetrate through both the core 75 
and the clad 76. However, as with the case shown in 

10 FIG. 6, these holes may be formed only in the core 75. 
Furthermore, in the above description, the hole is 
shaped in column. This is not restrictive, and the hole 
may be shaped in quadratic prism, polygonal prism, cy- 
lindroid, or other shapes. Still further, in the above de- 

15 scription, the above described functions are achieved 
by a two-dimensional photonic crystal including the plu- 
rality of holes parallel to each other. This Is not restric- 
tive, and those functions may be achieved by a three- 
dimensional photonic crystal having the structure called 

20 as Yablonovite or woodpile. However, if the optical fiber 
71 is a polarization-plane-maintaining optical fiber, it is 
not preferable, in view of a direction of arrangement of 
the holes, to achieve these functions with such three- 
dimensional photonic crystal. 

25 

<Specific implementations to the optical fiber> 

[01 10] Specifically described next are cases where an 
optical device such as an optical modulator is imple- 

30 mented in an opticalfiber. In the following embodiments, 
by using a plane formed by partially removing the clad, 
a plurality of columns parallel to each other are easily 
formed through the core. Also, the clad-removed plane 
is provided with electrodes, thereby enabling application 

35 of an uniform, stable electric field to the functional parts. 

(Sixth embodiment) 

[0111] Described below is a sixth embodiment of the 
^0 present invention with reference to the drawings . FIG. 
1 2 is a horizontal section view of the entire optical device 
according to the sixth embodiment of the present inven- 
tion. FIG. 13A is schematic section view of the optical 
device shown in FIG. 12 partly enlarged. FIG. 13B is a 
45 schematic view of a section of the optical device of FIG. 
13A through a line B-B' perpendicular to an optical axis 
2. 

[0112] As shown in FIGS. 12, 13A, and 13B, the op- 
tical device is formed in an optical fiber 1 and a capillary 

5£> 12 surrounding the optical fiber 1 . The optical fiber 1 is 
composed of a core 3 through which light passes and a 
clad 4 surrounding the core 3. Also formed in the optical 
fiber 1 is two functional parts, that is, a first functional 
part 7 and a s cond functional part 8. These first and 

55 second functional parts 7 and 8 are provided at a pr - 
determined interval along an optical axis 22 of the opti- 
cal fiber 1 . With these functional parts, a differenc in 
dispersion characteristics between the two types of lin- 
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early polarized lights (TM, TE), thereby enabling the op- 
tical device to function as an polarizer or other compo- 
nent. 

[0113] Here, the first and second functional parts 7 
and 8 according to the present embodiment are similar s 
to the first and second functional parts 57 and 58 ac- 
cording to the third embodiment. Also, columns 19 and 
holes 6 according to the present embodiment are 
formed and distributed in a similar manner to that used 
forforming and distributing the Pockels crystal columns 
55 and the holes 56 according to the third embodiment. 
Therefore, they are not described herein. Note that the 
columns 19 are formed parallel to the holes 6. 
[0114] Here, to form the first and second functional 
parts 7 and 8, a portion 18 is removed from the clad 4 
for a predetermined length on the left and right sides of 
the optical fiber 1 , and each section exposed after re- 
moval almost touches on the core 3. Such sections on 
both sides are parallel to each other with the core 3 
placed therebetween, and hereinafter called as parallel 
boundary surfaces 23. Therefore : as shown in FIG. 13B, 
the optical fiber 1 is so shaped, in a predetermined sec- 
tion, as to have remaining clad parts 21 on upper and 
lower sides thereof with the right and left sides thereof 
r moved, and parallel boundary surfaces 23 in pair are 
xposed. With such formation, the columns 19 and 
hoi s 6 are easily formed. 

[0115] Furthermore, for applying an electric field to 
the plurality of columns 1 9 made of a Pockels crystal 
forming the first functional part 7, a pair of electrodes 9 
is provided on the pair of the parallel boundary surfaces 
23 as described above. The electrodes 9 are provided 
on the sides of the optical fiber 1 , and the direction of 
applying the electric field is parallel to the plurality of col- 
umns 19. As such, the electrodes 9 are placed on the 
pair of parallel boundary surfaces 23, thereby enabling 
easy, correct application of the electric field to the col- 
umns 1 9. Voltage is applied to one electrode 9 by a sig- 
nal source 1 0, which is placed externally to the capillary 

12. The other electrode 9 is connected to a ground 11. 
[0116] The capillary 12 surrounding the optical fiber 1 
has a diameter approximately equal to that of a ferrule 
14 of another optical fiber 13 to be connected. Thus, 
when the optical device is connected to the optical fiber 

13, the capillary 12 is supported by the ferrule and split 
sleeves 1 5 of the optical fiber 1 3 for easy axial alignment 
in a similar manner as that used for coupling an optical 
system between optical fibers. 

(S venth embodiment) 

[0117] Described below is a seventh embodiment of 
th present invention with reference to the drawings . 
FIG. 14A is a schematic side view of an optical device 
according to the seventh embodiment of the present in- 
vention. FIG. 14Bis a schematic view of a section of the 
optical device of FIG. 14A through a lin B-B' perpen- 
dicular to an optical axis 2. 



[0118] As shown in FIGS. 14A and 14B, the optical 
device is similar in structure to that according to sixth 
embodiment shown in FIGS. 13A and 13B, except that 
a pair of parallel electrodes 24 is different in place and 
shape from the pair of electrodes 9. The parallel elec- 
trodes 24 according to the present embodiment are so 
provided as to apply an electric field perpendicularly to 
a longitudinal direction of a plurality of columns 1 9 made 
of a Pockels crystal forming a first functional part 7 and 
also perpendicularly to an optical axis 22 of an optical 
fiber 1 . To do this, the parallel electrodes 24 are char- 
acterized by being placed parallel to each other with re- 
spect to the optical axis 22 and perpendicularly to the 
longitudinal direction of the columns 19. That is, as 
shown in FIG. 14A, the electrodes 24 are provided on a 
plane perpendicular to the longitudinal direction of the 
columns 19, one electrode being placed above the up- 
permost columns, and the other below the lowermost. 
Such provision is different from that of the electrodes 9. 
Note that, as shown in FIG. 14B, the plane perpendicu- 
lar to the longitudinal direction of the columns 19 is 
equivalent to one of the parallel boundary surfaces 23, 
which are in rectangular shape formed by removing the 
portions 1 8 from the clad and parallel to each other with 
the core 3 therebetween. As stated above, the pair of 
parallel electrodes 24 is provided on the same single 
surface, and therefore does not require two surfaces 
(parallel boundary surfaces 23) formed by removing the 
portion 1 8 from both the right and left sides of the optical 
fiber 1 as shown in FIG. 1 4B. Forthis reason, the portion 
18 may be removed from the optical fiber 1 so that only 
one surface is formed where the parallel electrodes 24 
are placed. These parallel electrodes 24 arranged as 
such can adjust an optical modulation function in the first 
functional part 7 structured by the columns 1 9 made of 
a Pockels crystal. 

[01 19] Voltage is applied to one electrode 24 by a sig- 
nal source 1 0, which is placed externally to the capillary 
1 2. The other electrode 24 is connected to a ground 11 . 
Such structure is the same as that of the optical device 
according to the sixth embodiment. Therefore, further 
description is omitted herein. 

(Eighth embodiment) 

[0120] Described below is an eighth embodiment of 
the present invention with reference to the drawings. 
FIG. 15A is a schematic side view of an optical device 
according to the eighth embodiment of the present in- 
vention. FIG. 15Bis a schematic view of a section of the 
optical device of FIG. 15A through a line B-B' perpen- 
dicular to an optical axis 2. 

[0121] As shown in FIGS. 15A and 15B, the optical 
device is similar in structure to that according to sixth 
embodiment shown in FIGS. 13A and 13B, except that 
a pair of longitudinal electrodes 25 is different in place 
and shape from the pair f electrodes 9. The longitudinal 
electrodes 25 according to the present embodiment are 
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so provided as to apply an electric f i Id perpendicularly 
to a longitudinal direction of a plurality of columns 19 
made of a Pockels crystal forming a first functional part 
7 and parallel to an optical axis 22 of an optical fiber 1 . 
To do this, the longitudinal electrodes 25 are character- 
ized by being placed parallel to each other with respect 
to the optical axis 22 and perpendicularly to the longitu- 
dinal direction of the columns 19. That is, as shown in 
FIG. 1 5A, the electrodes 25 are provided on a plane per- 
pendicular to the longitudinal direction of the columns 
19, one electrode being placed on the right of the right- 
most columns : and the other on the left of the leftmost. 
Such provision is different from that of the electrodes 9. 
Note that, as shown in FIG. 15B, the plane perpendicu- 
lar to the longitudinal direction of the columns 19 is 
equivalent to one of the parallel boundary surfaces 23. 
As stated above, the pair of longitudinal electrodes 25 
is provided on the same single surface, and therefore 
does not require two surfaces (parallel boundary surfac- 
es 23) formed by removing a portion 18 from both the 
right and left sides of the optical fiber 1 as shown in FIG. 
15B. For this reason, the portion 18 may be removed 
from the optical fiber 1 so that only one surface is formed 
where the longitudinal electrodes 25 are placed. These 
longitudinal electrodes 25 arranged as such can adjust 
an optical modulation function in the first functional part 
7 structured by the columns 1 9 made of a Pockels crys- 
tal. 

[01 22] Voltage is applied to one electrode 25 by a sig- 
nal source 1 0, which is placed externally to the capillary 
1 2. The other electrode 25 is connected to a ground 1 1 . 
Such structure is the same as that of the optical device 
according to the sixth embodiment. Therefore, further 
description is omitted herein. 

(Ninth embodiment) 

[0123] Described below is a ninth embodiment of the 
present invention with reference to the drawings . FIG. 
1 6A is a schematic side view of an optical device ac- 
cording to the ninth embodiment of the present inven- 
tion. FIG. 1 6Bis a schematic view of a section of the op- 
tical device of FIG. 16A through a line B-B' perpendicu- 
lar to an optical axis 2. 

[0124] As shown in FIGS. 16A and 16B, the optical 
device is simitar in structure to that according to sixth 
embodiment shown in FIGS. 13Aand 13B, except that 
further portions are removed from a clad 4, and a pair 
of opposed electrodes 26 is different in place from the 
pair of electrodes 9. 

[0125] First, as shown in FIG. 16B, an optical fiber 1 
includes first and second functional parts 7 and 8, and 
a part 1 8 is removed from the clad 4 for a predetermined 
length on the left, right, upper, and lower sides of the 
optical fiber 1 . Each section xposed aft r removal al- 
most touches on th core 3. The sections on the upper 
and low rsidesar in rectangular shap parallel to each 
other with the core 3 placed therebetween, and herein- 



after called as first parallel boundary surfaces 32. The 
sections on the left and right sides are also in rectangu- 
lar shape parallel to each other with the core 3 placed 
therebetween, and hereinafter called as second parallel 

5 boundary surfaces 31 . Therefore, as shown in FIG. 16A, 
the optical fiber 1 is so shaped, in a predetermined sec- 
tion , as to have a remaining clad part 21 shaped in quad- 
ratic prism surrounding the core 3 and having a longitu- 
dinal axis equal to an optical axis 22, and the first and 

10 second parallel boundary surfaces 31 and 32 are ex- 
posed. With such formation, columns 19 and holes 6 are 
easily formed, and the opposed electrodes 26 are 
placed on the surfaces different from those in the sixth 
embodiment. 

15 [01 26] The opposed electrodes 26 are so provided as 
to apply an electric field perpendicularly to a longitudinal 
direction of a plurality of columns 19 made of a Pockels 
crystal forming the first functional part 7 and also per- 
pendicularly to the optical axis 22 of the optical fiber 1 . 

20 Jo do this, the opposed electrodes 26 are characterized 
by being placed parallel to each other with respect to 
the optical axis 22 and also parallel to the longitudinal 
direction of the columns 19. That is, as shown in FIGS. 
16A and 1 6B, the electrodes 26 are provided on planes 

25 parallel to the longitudinal direction of the columns 1 9 
and the optical axis 22,, that is, the first parallel bound- 
ary surfaces 32, one electrode being placed above the 
uppermost columns, and the other below the lowermost. 
Such provision is different from that of the electrodes 9. 

30 These opposed electrodes 26 arranged as such can ad- 
just an optical modulation function in the first functional 
part 7 structured by the columns 1 9 made of a Pockels 
crystal. 

[01 27] Voltage is applied to one electrode 26 by a sig- 
35 nal source 1 0, which is placed externally to the capillary 
1 2. The other electrode 26 is connected to a ground 1 1 . 
Such structure is the same as that of the optical device 
according to the sixth embodiment. Therefore, further 
description is omitted herein. 

40 

(Tenth embodiment) 

[01 28] Described below is a tenth embodiment of the 
present invention with reference to the drawings. FIG. 

45 17A is a schematic side view of an optical device ac- 
cording to the tenth embodiment of the present inven- 
tion. FIG. 17B is a schematic view of a section of the 
optical device of FIG. 17A through a line B-B' perpen- 
dicular to an optical axis 2. 

50 [0129] As shown in FIGS. 17A, the optical device is 
similar in structure to that according to ninth embodi- 
ment shown in FIG. 16A, except that the longitudinal di- 
rection of holes 6 is different from that of the sixth em- 
bodiment. That is, the optical device according to the 

55 present embodiment is charact rized in that the longi- 
tudinal direction of a plurality of columns 1 0 forming a 
first functional part 7 provided in the optical fiber 1 is 
perpendicular to that of a plurality of holes 6 forming a 



18 



DOCID: <EP 1 1 68008A2_I_> 



33 



EP 1 168 008 A2 



34 



second functional part 8. More specifically, as shown in 
FIG. 17B. the longitudinal direction of columns 19 are 
extending toward a horizontal direction of the drawing, 
while ihc longitudinal direction of holes 6 are extending 
toward a vertical direction thereof. 
[0130] As such the longitudinal direction of the col- 
umns 19 forming the first functional part 7 and the lon- 
gitud na* direction of the holes 6 forming the second 
functional pari 8 arc made perpendicularly to each other. 
Thus, the ootical modulation function of each functional 
part can be aqu&lcd. 

[0131] Note that in the sixth to tenth embodiments, 
description is made to the case where two functional 
parts are provided This is not restrictive, and the de- 
scription can also be applied to a case where three func- 
tional pans are provided as in the optical device accord- 
ing to the fourth embodiment 

<EI venth embod meni > 

[0132] An optical devee according to an eleventh em- 
bodiment of the present invention is characterized in 
that electrodes for uppty^q *«" c <xutc field are so pro- 
vided as that the direction of *r>c electric field forms an 
angle 6 with tho longitu J«n.«i c«»oct»cn of columns form- 
ing a first functional part W*th tn»s tho optical modula- 
tion function of tho frst 'unctonai pari can be adjusted. 
[0133] Compared with trw npiic*! Novice according to 
the ninth or tenth ombcfl«nrf! me present optical de- 
vice is different in that as can be scon from FIG. 18A 
showing a section of the optc*i fiber 1 . a pair of parallel 
electrodes 87 for applying an cicctrc field is so provided 
as that the direction of the cicctrc field forms the angle 
6 with the longitudinal dirocton of columns 19 forming 
a first functional part 7 Merc speofeally, a clad 4 is al- 
most entirely removed f ro*r the optical fiber 1 with a core 
3 left un removed. The parallel electrodes 87 are provid- 
ed on positions directly or almost touching the core 3 
and form the angle w with the icngtudinal direction of 
the columns 1 9. Alternatively instead of the flat parallel 
electrodes 87 as shown m FiG 18A curved electrodes 
88 that are curved nearly xiorg * curved surface of the 
core 3, as shown in FIG I8d may be used for the optical 
device 1. In this case the curved electrodes 88 are so 
provided as that the longitu^n^i direction of the columns 
1 9 forms the angle 0 with a a* cction 35 of the normal to 
the curve at the center 

(Twelfth embodiment) 

[0134] An optical device *icco'dmg to a twelfth em- 
bodiment of the present invention is characterized in 
that a first functional part of the optical fiber is structured 
by a plurality of columns m*ac of a crystal having a Far- 
aday effect and p netrating through a cor . Sine the 
columns of the first functional p*«i are made as such, it 
is possible to adjust a Faraday rotation angle of the first 
functional part. Therefore tne present optical device 



functions as an optical isolator. 

[0135] FIG. 19 is a horizontal section view showing 
the optical device according to the twelfth embodiment 
of the present invention. As shown in FIG. 19, the 

5 present optical device is different from the optical device 
functioning as an optical modulator according to the 
sixth embodiment in that a first functional part 7 of an 
optical fiber 1 is structured by a plurality of columns 91 
made of a crystal having the Faraday effect and pene- 

10 trating through the core 3. More specifically, such crystal 
having the Faraday effect includes, by way of example 
only s a garnet crystal and a rare-earth garnet crystal 
(YIG, for example). Furthermore, a magnet 95 is provid- 
ed on a surface made by processing the outer surface 

is of a capillary 1 2 or on the outer surface itself. The cap- 
illary 1 2 is to apply a magnetic field 94 to the crystal hav- 
ing the Faraday effect. As the magnet 95, any type of 
magnet can be used including a permanent magnet 
such as a rare-earth magnet or an electromagnet, as 

20 long as the magnet can induce a magnetic field having 
intensity enough to rotate the plane of polarization of 
light. Since the Faraday rotation angle does not depend 
on the direction of the magnetic field, the direction of 
applying the magnetic field 94 can be selected variously. 

25 

<Embodiment for optical sensors> 

[0136] Specifically described next are the structure 
and operation of optical sensors such as an optical volt- 
30 age sensor, an optical current sensor, and an optical 
magnetic field sensor. 

(Thirteenth embodiment) 

35 [01 37] Described first is an optical voltage sensor ac- 
cording to a thirteenth embodiment of the present inven- 
tion. 

[0138] As shown in FIG. 20, the optical voltage sensor 
according to the present embodiment includes a sensor 

40 part, a light-emitting part 11, and a light-receiving part 
1 1 9. The sensor part includes a polarizer 1 01 , a X/4 plate 
102, a first conductive reflective film 106, an electro-op- 
tic crystal 103, a second conductive reflective film 1 07, 
and an analyzer 104. 

45 [01 39] The light-emitting part 1 1 8 includes an E/O cir- 
cuit having an light-emitting device typified by an LED 
as a light source, and an incidence side optical system 
having an optical fiber, for example. A light beam emitted 
from the light source is inputted through the incidence 

so side optical system to the sensor part. 

[0140] In the sensor part, the polarizer 101, the A/4 
plate 102, the first conductive reflective film 106, the 
electro-optic crystal 1 03, the second conductive reflec- 
tive film 107, and the analyzer 104 are arranged in this 

55 order on an optical path of th light b am. The light b am 
is modulated by these optical d vie s with a voltage Vm 
to be measur d, and then outputted. In the present em- 
bodiment, the electro-optic crystal 103 is implemented 
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by a LiNb0 3 crystal through which light propagates in 
the Z axis direction (hereinafter, Z-axis-propagation 
UNb0 3 crystal), and so placed as that the Z axis (C axis) 
is align d with an optical axis 1 08. The first and second 
conductive reflective film 106 and 107 are placed with 
their r flection planes perpendicularly to the optical axis 
108 and with their interval dr being an integral multiple 
of half of the wavelength of an incident light 1 09 supplied 
to the sensor part. As shown in FIG. 20, assume herein 
that the coordinate system is so structured as that the 
Z axis is along the optical axis 108, and the X and Y 
axes are respectively along two directions perpendicu- 
lar to ach other on a plane perpendicular to the optical 
axis 108. Underthis assumption, consider a case where 
an electric field is applied to the Z-axis-propagation 
LiNb0 3 crystal in the Z-axis direction, that is, longitudi- 
nal modulation. In this case, electro-optic coefficients re- 
lated to the modulation index are 733 and 731 . Also in 
this case, consider a setting direction, which is a princi- 
pal-axis direction of an ellipse indicative of a refractive 
index to the light beam inputted to the electro-optic crys- 
tal or the A/4 plate. If the setting direction for the Z-axis- 
propagation LiNb0 3 crystal is the X-axis direction, the 
setting direction for the polarizer 101 and the analyzer 
104 is a direction forming an angle of ±45° with the X 
axis, and the setting direction for the MA plate 1 02 is the 
X- or Y-axis direction. 

[01 41] The light-receiving part 1 1 9 is structured by an 
output side optical system including an optical fiber, and 
an O/E circuit including an optical-electrical conversion 
device for converting an optical signal into an electrical 
signal. The light beam emitted from the sensorpart goes 
through the output side optical system to the optical- 
electrical conversion device in the O/E circuit for con- 
version to an electrical signal. This electrical signal is 
responsive to the polarization state of the light beam af- 
ter passing through the LiNb0 3 crystal, and varied in po- 
larization state according to the voltage Vm. A light-re- 
ceiving side signal processing circuit (not shown) is con- 
nected to the light-receiving part 119, calculating the 
modulation index based on the above electrical signal 
to obtain the value of the voltage to be measured. 
[0142] The structure of the above structured optical 
voltage sensor is specifically shown in FIG. 24 or 30, for 
example, which will be referred to later. 
[0143] In the optical voltage sensor of the present in- 
vention, as stated above, the interval tfrbetween the first 
and second conductive reflective film 1 06 and 1 07 in the 
sensor part is set to have an integral multiple of half of 
th wavelength of the incident light 1 09 supplied thereto. 
With such setting, the first and second conductive re- 
flective films 1 06 and 1 07 forms an etalon resonator (al- 
so called Fabry-Perot resonator). Thus, light propagat- 
ing in the optical axis 108 direction perpendicular to the 
first and second conductive reflective films 1 06 and 1 07 
becomes dominant and, as shown in FIG. 20, beam an- 
gle distribution 115becom sst p. In other words, even 
if the center direction and distribution of the incident light 



109 are varied due to tolerances among the optics or 
structural variations, the etalon resonator formed by the 
first and second conductive reflective films 106 and 1 07 
makes the light passing through the electro-optic crystal 

5 103 perpendicular, in the c nter direction, to the reflec- 
tion plane (parallel to the optical axis 108) and constant 
in distribution and also wavelength. 
[0144] As such, according to the present embodi- 
ment, the etalon resonator formed by the first and sec- 

10 ond conductive reflective films 106 and 107 makes the 
light passing through the electro-optic crystal 103 con- 
stant in the center direction and distribution. That is, the 
incident light beams supplied to and coming out from 
the electro-optic crystal 103 become stable in beam 

*5 state. As a result, even if the incident light 1 09 supplied 
to the sensor part is varied due to tolerances among the 
optics and other factors, the modulation index, that is, 
the output from the optical voltage sensor according to 
the present invention, becomes stable. If the center di- 

20 rection of the incident light 109 supplied to the sensor 
part is varied, the light beam supplied to the electro-optic 
crystal 103 becomes varied in intensity but not in distri- 
bution. Therefore, such variation in the center direction 
of the incident light 1 09 does not have substantial effects 

25 on variations in modulation index indicative of a ratio be- 
tween AC components and DC components in the 
amount of light received by the light- receiving part 119. 
[0145] The beam angle distribution 1 1 5 is dependent 
on the reflectance between the first and second conduc- 

30 tive reflective films 1 06 and 1 07. The higher the reflect- 
ance, the smaller the beam angle distribution 115. 
Therefore, the reflectance is preferably not less than 
0.6. As such, as the beam angle distribution 115 be- 
comes smaller, such characteristic as shown in FIG. 35 

3s can be observed with respect to axial deviation due to 
birefringence. 

[0146] In the present embodiment, longitudinal mod- 
ulation is adopted, where an electric field is applied to 
the Z-axis-propagation LiNb0 3 crystal in the Z-axis di- 

40 rection, that is, in the optical axis 1 08 direction. Alterna- 
tively, transverse modulation may be adopted, where an 
electric field is applied thereto in X-axis direction. The 
structure of a transverse-modulation-type optical volt- 
age sensor will be exemplarily described later with ref- 

45 erenceto FIG. 25. 

[0147] If transverse modulation is adopted, the elec- 
tro-optic coefficient related to the modulation index of 
the optical voltage sensor is 722. Also in this case, if the 
setting direction for the Z-axis-propagation UNb0 3 crys- 

50 tal is the X-axis direction, the one for the polarizer 101 
and the analyzer 104 is the X- or Y-axis direction, and 
one for the A/4 plate 102 is a direction forming an angle 
of ±45° with the X axis. The temperature dependency 
for the electro-optic coefficient y 22 is relatively small. 

55 Therefore, in transverse modulation, influ nc s by th 
temperature depend ncy of the LiNb0 3 crystal on 
changes of outputs from the optical voltage sensor 
(modulation index) due to temperature (hereinafter, out- 
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put change due to temperature) is almost negligible, as 
shown in FIG. 21 by a clotted line. In FIG. 21 , the vertical 
axis represents relativ output change with reference to 
outputs from the optical voltage sensor (modulation in- 
dex) at 25°C. However, the temperature dependency 
due to birefringence of the A/4 plate 1 02 does cause the 
output of the transverse-modulation optical voltage sen- 
sor, that is, the modulation index, to have the tempera- 
ture dependency. Nevertheless, as stated above, an 
etalon resonator is formed within an area surrounding 
the LiNb0 3 crystal 103 to stabilize the state of the light 
beam and, therefore the temperature dependency of the 
outputs from the optical voltage sensor becomes stabi- 
lized even If the beam state of the incident light 1 09 to 
the sensor part is varied due to tolerances among optics. 
Thus, if such transverse modulation is adopted, the op- 
tical voltage sensor can also be used as a temperature 
sensor. 

[0148] If longitudinal modulation is adopted as in the 
present embodiment, the electro-optic coefficients relat- 
ed to the output from the optical voltage sensor, that is, 
the modulation index, are y 33 and y 31 , as described 
above. If the setting direction fortheZ-axis-propagation 
LiNb0 3 crystal is the X-axis direction, the one for the 
polarizer 1 01 and the analyzer 1 04 is a direction forming 
an angle of ±45° with the X axis, and the one for the A/ 
4 plate 102 is the X- or Y-axis direction, as described 
above. In transverse modulation, with the temperature 
dependency of the electro-optic coefficients y 33 and y 
31, output changes by temperature in the optical voltage 
sensor due to the temperature dependency of the 
LiNb0 3 crystal 103 are as shown in FIG. 21 by a dotted 
line. That is, as the temperature rises, the output from 
the optical voltage sensor is decreased due to the tem- 
perature dependency of the LiNb0 3 crystal. The output 
change by temperature in the optical voltage sensor is 
also caused by the temperature dependency of birefrin- 
gence of the A/4 plate 1 02. Such output change is here- 
inafter referred to as "output change due to the temper- 
ature dependency of the A/4 plate 102. Meanwhile, an 
ellipse indicative of a refractive index (hereinafter, "re- 
fractive-index ellipse") of the A/4 plate 1 02 with respect 
to the incident light thereto becomes closer to a perfect 
circle as the temperature rises. On the other hand, the 
refractive-index ellipse of the LINb0 3 crystal 103 with 
respect to the incident light thereto becomes more flat. 
Therefore, if a fast-axis direction (a direction to which 
the phase advances) of the refractive-index ellipse of 
the A/4 plate 102 matches a fast-axis direction of the 
refractive-index ellipse of the LiNb0 3 crystal 103, the 
temperature dependencies of sensor outputs due to the 
temperature dependency of the A/4 plate 1 02 and that 
of the LiNb0 3 crystal 1 03 are cancelled out each other 
(refer to FIG. 21, the dotted line and the straight line). 
Consequently, the output change in the optical voltage 
sensor due to t mperature is reduced. In other words, 
when the setting direction of the LiNb0 3 crystal 1 03 is 
in the X-axis direction, the setting direction of the A /4 



plate 102 is also set in the X-axis direction. With this, 
the temperature dependency of the output from the op- 
tical voltage sensor can be improved. 

s (Fourteenth embodiment) 

[01 49] Described next is an optical voltage sensor ac- 
cording to a fourteenth embodiment of the present in- 
vention. 

w [0150] The optical voltage sensor according the 
present embodiment is basically similar in structure to 
that according to the thirteenth embodiment as shown 
in FIG. 20. Therefore, in the present embodiment, each 
component similar to that in the thirteenth embodiment 
f£ is provided the same reference numeral, and not de- 
scribed herein. Also, the overall operation of the optical 
voltage sensor in the present embodiment is substan- 
tially similar to that In the thirteenth embodiment, and 
therefore not described in detail herein. 
[0151] In the present embodiment, as shown in FIG. 
22, the conductive reflective film for composing an 
etalon resonator in the sensor part is realized by a mul- 
tilayered film composed of a reflective film and a trans- 
parent conductive film. That is, The first conductive re- 
flective film 106 in the above thirteenth embodiment is 
realized by a muttilayered film composed of a first trans- 
parent conductive film 121 and a first reflective film 1 22. 
This muttilayered film achieves a first conductive reflec- 
tive film 1 06b. The second conductive reflective film 107 
in the thirteenth embodiment is realized by another mul- 
ti layered film composed of a second transparent con- 
ductive film 123 and a second reflective film 124, and 
denoted herein by a reference numeral 1 07b. Therefore, 
in the present embodiment, the conductive reflective 
films 106b and 107b are so placed as that an interval 
d/2 between the first reflective film 1 22 and the second 
reflective film 1 24 is an integral multiple of half the wave- 
length of the incident light 1 09 to the sensor part. As the 
first and second transparent conductive films 121 and 
123, ITO (Indium-Tin-Oxide) films can be exemplarily 
used. 

[0152] Shown in FIG. 22 is an example case where 
the first transparent conductive film 121 composing the 
first conductive reflective film 106b and the second 
transparent conductive film 123 composing the second 
conductive reflective film 107b are both placed on 
LiNb03 crystal (electro- optic crystal) 103 side. This is 
not restrictive, and the order of the first transparent con- 
ductive film 121 and the first reflective film 122 and the 
order of the second transparent conductive film 1 23 and 
the second reflective film 1 24 may be arbitrary, provided 
that the interval between the first and second reflective 
films 1 22 and 1 24 is an integer multiple of half the wave- 
length of the incident light 1 09 to the sensor part. 
[0153] According to the present embodiment, the 
transparent conductive film and the reflective film forms 
a multilayered film. The first and second conductive re- 
flective films 106b and 107b form an etalon resonator, 
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similarly to the thirteenth embodiment. Thus, the center 
direction and distribution of the light passing through the 
electro-optic crystal 103 become constant. As a result, 
even if the beam state of the incident light 109 supplied 
to the sensor part is varied due to tolerances among the 
optics and other factors, the modulation index, that is, 
the output from the optical voltage sensor according to 
the present invention, becomes stable. Furthermore, 
according to the present embodiment, the first and sec- 
ond conductive reflective films 106b and 107 are real* 
ized as muitilayered films each composed of the trans- 
parent conductive film and the reflective film. Therefore, 
the first and second conductive reflective films 1 06b and 
107b can be separately controlled in conductivity and 
reflectivity when formed Therefore, an conductive re- 
flective film having large reflectivity can be easily 
formed, compared with a case where the conductive re- 
flective film is rcaii/ea by a single-layered film. Thus, 
the beam stale can be mo o stnbili/ed 

(Fifteenth embod mem ) 

[01 54] Described next is *m optical vortnge sensor ac- 
cording to a fifteenth cmoca«mcrt o f the present inven- 
tion. 

[0155] The optical votr-r^e sonsor according the 
present embodimcn: is otscwiy similar in structure to 
that according to the th. a ronrn ombodiment as shown 
in FIG. 20. Therefore ir f*^ p-osent embodiment, each 
component similar to inn: n me thirteenth embodiment 
is provided the same retccncc numeral, and not de- 
scribed herein. Also the overall operation of the optical 
voltage sensor in the present embodiment is substan- 
tially similar to that m the thirteenth embodiment, and 
therefore not described m Detail herein. 
[01 56] In the present ernoodtment. two conductive re- 
flective films are provided m the sensor part with the 
UNb0 3 crystal film (elect o optc crystal 103) placed 
therebetween. These two conductive reflective films are 
each realized by a multiirf/ered film as shown in FIG. 
23. That is, the first conductive reflective film 106 in the 
above thirteenth embodiment is realized by, in the 
present embodiment, tnc first transparent conductive 
film 121 and a first murtiiHyered film 133 functioning as 
a reflective film, together farming rt first conductive re- 
flective film 1 06c. Also the second conductive reflective 
film 107 in the above th rtuvnth embodiment is realized 
by, in the present embodiment the second transparent 
conductive film 123 anc a second muitilayered film 1 34 
functioning as a reflective film together forming a sec- 
ond conductive reflective fim 107c. Each of the first and 
second muitilayered films 132 and 134 is a film formed 
by alternately multilaycnng two typos of layers, that is, 
a high-refractive-indox layor 131 and a low-refractive- 
index lay r 132 in the optical axis 138 dir ction. These 
muitilayered films 133 and 134 each have a periodic 
structure in which the refractive index is periodically var- 
ied in the optical axis 108 ejection In other words, they 



are one-dimensional photonic crystals. Also in the 
present embodiment, the first transparent conductive 
film 121 is placed between the first muitilayered film 133 
and the LiNb0 3 crystal film 1 03, while the second trans- 

s parent conductive film 1 23 is between the second mui- 
tilayered film 134 and the Li Nb0 3 crystal film 103. 
Among the layers forming the first muitilayered film 133, 
a layer attached to the first transparent conductive film 
121, that is, closest to the LiNb0 3 crystal film 103, is 

10 hereinafter referred to as 'first adjacent layer". On the 
other hand, among the layers forming the second mui- 
tilayered film 1 34, a layer attached to the second trans- 
parent conductive film 123, that is, closest to the LiNb0 3 
crystal film 1 03, is hereinafter referred to as "second ad- 

15 jacent layer". Here, the first and second adjacent layers 
are the same in type, that is, have the same refractive 
index. In the example shown in FIG. 23, the first and 
second adjacent layers are both the high-refractive-in- 
dex layers 131. As these first and second transparent 

20 conductive films 121 and 123, ITO (Indium-Tin-Oxide) 
films can be used, for example. For the high -refractive- 
index layer 131 , Ta20 5 , Ti0 2 , Ge, Si and other materials 
having a refractive index of approximately 3.4 to 3.6, for 
example) can be used. For the low-refractive- index lay- 

25 er 132, Si0 2 and other materials having a refractive in- 
dex of approximately 1 .46 or air (refractive index of 1) 
can be used. 

[0157] In the above first conductive reflective films 
106c and 107c, the layers are so arranged as that the 

30 sum of a thickness of the high-refractive-index layer 131 
and a thickness of the low-refractive-index layer 132 be- 
comes one-quarter the wavelength of the incident light 
109 supplied to the sensor part. Also, the first and sec- 
ond muitilayered films 1 33 and 1 34 are so arranged as 

35 that an interval between the first and second adjacent 
layers is an integral multiple of half the wavelength of 
the incident light 1 09 supplied to the sensor part. In other 
word, an interval dr3 between a surface attached to the 
first transparent conductive film 1 21 of the first multilay- 

40 ered film 133 and a surface attached to the second 
transparent conductive film 123 of the second muitilay- 
ered film 134 becomes as such. 
[0158] The above structured and arranged first and 
second conductive reflective films 106c and 107c each 

45 function as a so-called PBG (Photonic Band Gap) re- 
flector with respect to the incident light 109. Within an 
area between PBG reflectors , strong resonance is es- 
tablished. In other words, more effects in similar quality 
to those produced by the etalon resonator in the thir- 

50 teenth embodiment can be obtained. Thus, the center 
direction and distribution of light passing through the 
electro-optic crystal 1 03 become constant. As a result, 
even if the beam state of the incident light 1 09 supplied 
to the sensor part is varied due to tolerances among the 

55 optics and oth r factors, the modulation ind x, that is, 
the output from th optical voltage sensor according to 
the present embodiment, becomes stable. 
[0159] In the above structure, the first and second 
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conductive reflective films 1 06c and 1 07c are so formed 
as that the sum of the thickness of the high-refractive- 
index layer 131 and the thickness of the low-refractive- 
index layer 1 32 becomes one-quarter the wavelength of 
the incident light 1 09 supplied to the sensor part. To in- s 
crease the above effects, each thickness of the first and 
second conductive reflective films 106c and 107c is 
preferably one-eighth the wavelength thereof. 
[0160] The application of PGB reflectors has been 
suggested in many documents such as United States 
Pat nt No. 5,365,541. 

(Sixteenth embodiment) 

[01 61 ] Described next is an optical voltage sensor ac- 
cording to a sixteenth embodiment of the present inven- 
tion. 

[0162] The optical voltage sensor according the 
present embodiment is basically similar in structure to 
that according to the thirteenth embodiment as shown 
in FIG. 20. Therefore, in the present embodiment, each 
component similar to that in the thirteenth embodiment 
is provided the same reference numeral, and not de- 
scribed herein. Also, the overall operation of the optical 
voltage sensor in the present embodiment is substan- 
tially similar to that in the thirteenth embodiment, and 
th refore not described in detail herein. 
[01 63] FIG. 24 is a front perspective view of the optical 
voltage sensor according to the present embodiment, 
specifically showing the main part thereof. The optical 
voltage sensor includes a substrate 1 44. Provided on 
the center part of the substrate 144 is a component 
guide 143 for closely attaching and sequentially posi- 
tioning on a predetermined optical axis 1 08 the polarizer 
1 01 , the A/4 plate 1 02, the first conductive reflective film 
106, the LiNb0 3 crystal film 103 as the electro-optic 
crystal, the second conductive reflective film 1 07, and 
the analyzer 1 04 that together compose the sensor part 
of the optical voltage sensor. The component guide 1 43 
have four edges. Among them, two opposed edges are 
perpendicularly connected to optical fiber guides 1 42a 
and 142b, respectively, provided on the substrate 144. 
The optical fiber guide 1 42a guides an optical fiber 246a 
composing the incidence side optical system of the light- 
emitting part 118, optically coupling the optical fiber 
246a to the polarizer 101 positioned by the component 
guide 1 43. The optical fiber guide 1 42b guides an optical 
fiber 246b composing the output side optical system of 
the light-receiving part 119, optically coupling the optical 
fiber 246b to the analyzer 1 04 positioned by the compo- 
n nt guide 1 43. Also provided on the substrate 144 is a 
pair of electrodes 141 , one electrically connected to the 
first conductive reflective film 106 positioned by the 
component guide 1 43, and the other to the second con- 
ductive r flective film 107 also positioned thereby. Such 
conn ction is made via lead wires 145. Therefore, one 
the vottag Vm to be measured is appli d between 
these electrodes 141 , the voltage Vm is also applied to 



the LiNbO a film 103 as the electro-optic crystal in the Z- 
axis direction (optical axis 108 direction). 
[0164] As with the thirteenth embodiment, in the 
present embodiment, the interval dr between the first 
and second conductive reflective films 106 and 107 is 
set to be an integral multiple of half the wavelength of 
the incident light 109 supplied to the sensor part. Thus, 
an etalon resonator is formed therebetween. With this, 
light propagating in the optical axis 108 direction per- 
pendicular to the first and second conductive reflective 
films 1 06 and 1 07 becomes dominant and the beam an- 
gle distribution 115 becomes steep. As a result, even if 
the beam state of the incident light 109 supplied to the 
sensor part is varied due to tolerances among the optics, 
the output from the present optical voltage sensor, that 
is, the modulation index, becomes stabilized. Further- 
more, the directivity of the light passing through the sen- 
sor part can be improved. 

[0165] As described above, according to the present 
embodiment, an etalon resonator is formed in an area 
surrounding the UNb0 3 crystal film 103 in the sensor 
part. Thus, the directivity of the light passing through the 
sensor part is improved, and axial deviation of the inci- 
dent light beams to the LiNb0 3 crystal f ilm 1 03 can be 
suppressed. Also, each optical component composing 
the sensor part is shaped like sheet or film, and posi- 
tioned by the component guide 143 with closely at- 
tached to another. Therefore, the optical path in the sen- 
sor part can be shortened to approximately 2 to 3mm, 
for example, compared with the conventional structure 
(referto FIG. 33). In the present embodiment, in addition 
to the improved directivity and shortened optical path as 
stated above, the optical fiber 246a of the incidence side 
optical system is optically coupled directly to the polar- 
izer 101 by the optical fiber guide 142a, and similarly, 
the optical fiber 246b of the output side optical system 
is to the analyzer 1 04 by the optical fiber guide 1 42b. In 
other words, with the improved directivity and shortened 
optical path as stated above, coupling losses in the op- 
tical fibers 246a and 246b on the polarizer 1 01 side and 
the analyzer 1 04 side, respectively, can be made within 
a negligible range for actual use without using a lens. 
As such, according to the present embodiment, the 
number of components and cost can be reduced. 

(Seventeenth embodiment) 

[01 66] Described next is an optical voltage sensor ac- 
cording to a seventeenth embodiment of the present in- 
vention. 

[0167] The optical voltage sensor according to the 
present embodiment is of transverse-modulation type, 
in which an electric field is applied to the Z-axis-propa- 
gation LiNb0 3 of the electro-optic crystal in the X-axis 
direction (referto FIG. 20 for the coordinate system). In 
this respect, the optical voltage sensor according to the 
present embodiment is different from those according 
to the thirteenth and sixteenth embodiment, which are 
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of longitudinal-modulation type. In the present embodi- 
ment, the direction of applying an electric field to the 
UNb0 3 crystal film is not the Z-axis direction (optical ax- 
is 108 direction) but the X-axis direction. Therefore, in 
the sensor oart the first and second reflective films 1 22 
and 124 arc usee instead of the first conductive reflec- 
tive films 106 anc 107, respectively, and do not require 
cendjet vity Also in the sensor part, electrodes 151 are 
provided in pa t vnth the LiNb0 3 crystal film 103 placed 
therebetween for applying thereto the voltage Mntobe 
measured >n the X-axis direction. As in the present em- 
bodiment wncn an electric field is applied to the Z-axis- 
propaqation LiNbD 3 crystal film 103 in the X-axis direc- 
tion nn electro oot<: coefficient related to the modula- 
tion tide i is y 22 ir this case, the setting direction of 
the poun/or iui and the analyzer 104 are X- or Y-di- 
rect»on and tnc senng direction of the X/4 plate 102 
fo-ms an anqte o* t^b* 

(01 68] Osno« mc above, the optical voltage sen- 
bc» rt j-c»d« »g *r>c prvscnt embodiment is basically sim- 
itar m Mruciu^c tc that according to the thirteenth em- 
bodiment as snc*m n r G 20 Therefore, in the present 
embodiment c.»cn csmoonent similar to that in the thir- 
teenth cmoodmcnt c provided the same reference nu- 
meral and not oetcr^od herein. Also, the overall oper- 
at on ol the optcai venago sensor in the present embod- 
iment is substantMiiy similar to that in the thirteenth em- 
bodiment and tn#vr*'oro not described in detail herein. 
[0169] Fl^ ?f> is a front perspective view of the optical 
vcltage sensor according to the present embodiment, 
specialty showmq the main part thereof. As with the 
sixteenth embodiment the optical voltage sensor in- 
cludes the substrate 1 44 Provided on the center part of 
thesubstra:c 144 is tie component guide 143 for closely 
attaching and sequentially positioning on the predeter- 
mined optical axis 138 the polanzer 101 , the X/4 plate 
102. the first reflective film 122. the UNb0 3 crystal film 
103 as the electro-optic crystal, the second reflective 
film 124. and the analy/er 104 that together compose 
the sensor par. of the optical voltage sensor. On the sub- 
strate 144. the optical fiber guides 142a and 142b struc- 
tured similarly to those of the sixteenth embodiment are 
provided. The optica 1 liber guide 142a guides the optical 
fiber 246a composing the incidence side optical system 
of the light-emitting pan 118, optically coupling the op- 
tical fiber 246a to the polarizer 101 positioned by the 
component guide 143. The optical fiber guide 142b 
guid s the optical fiber 246b composing the output side 
optical system of the light-receiving part 119, optically 
coupling the optical fiber 246b to the analyzer 104 po- 
sitioned by the component guide 143. Also provided on 
the substrate 144 is a pair of electrodes 152, one elec- 
trically connected to one electrode 1 51 , and the other to 
the ther electrode 151. Such connection is made via 
lead wires. Therefore, once the voltage Vm to be meas- 
ured is applied between the electrodes 151 , the voltage 
Vm is also applied to the LiNJb0 3 film 1 03 as the electro- 
optic crystal in the X-axis direction. 



[0170] In the present embodiment an interval be- 
tween the first and second reflective films 122 and 124 
is set to be an integral multiple of half the wavelength of 
the incident light 1 09 supplied to the sensor part. Thus, 

5 an etalon resonator is formed therebetween, as with the 
thirteenth and sixteenth embodiments. With this, light 
propagating in the optical axis 108 direction perpendic- 
ular to the first and second reflective films 122 and 124 
becomes dominant and the beam angle distribution 115 

10 becomes steep. As a result, even if the beam state of 
the incident light 1 09 supplied to the sensor part is varied 
due to tolerances among the optics, the output from the 
present optical voltage sensor, that is, the modulation 
index, becomes stabilized. Furthermore, the directivity 
of the light passing through the sensor part can be im- 
proved. 

[0171] As described above, according to the present 
embodiment, similarly to the sixteenth embodiment, an 
etalon resonator is formed in an area surrounding the 

20 LiNb0 3 crystal film 1 03 in the sensor part. Thus, the di- 
rectivity of the light passing through the sensor part is 
improved, and axial deviation of the incident light beams 
to the LiNb0 3 crystal film 1 03 can be suppressed. Also, 
each optical component composing the sensor part is 

25 shaped like sheet or film, and positioned by the compo- 
nent guide 1 43 with closely attached to another. There- 
fore, the optical path in the sensor part can be shortened 
to approximately 2 to 3mm, for example. Therefore, also 
in the present embodiment, with the improved directivity 

30 and shortened optical path as stated above, coupling 
tosses in the optical fibers 246a and 246b on the polar- 
izer 101 side and the analyzer 104 side, respectively, 
can be made within a negligible range for actual use 
without using a lens. Thus, as with the sixteenth embod- 

35 iment, degradation in performance as an optical sensor 
can be almost prevented, and the number of compo- 
nents and cost can be reduced. 

(Eighteenth embodiment) 

40 

[01 72] Described next is an optical voltage sensor ac- 
cording to an eighteenth embodiment of the present in- 
vention. 

[0173] The optical voltage sensor according the 
45 present embodiment is basically similar in structure to 
that according to the thirteenth embodiment as shown 
in FIG. 20. Therefore, in the present embodiment, each 
component similar to that in the thirteenth embodiment 
is provided the same reference numeral, and not de- 
so scribed herein. Also, the overall operation of the optical 
voltage sensor in the present embodiment is substan- 
tially similar to that in the thirteenth embodiment, and 
therefore not described in detail herein. 
[01 74] FIG . 26 is a front perspective view of the optical 
55 voltage s nsor according to the pres nt mbodiment, 
specifically showing the main part thereof. As with the 
sixte nth embodiment, the optical voltage sensor in- 
cludes the substrate 1 44. Provided on the substrate 1 44 
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are the component guide 143 for closely attaching and 
sequentially positioning on the predetermined optical 
axis 1 08 the optical components that together compose 
the sensor part of the optical voltage sensor, the inci- 
dence side optical fiber guide 1 42a for optically coupling 
an optical fiber (hereinafter "incidence side optical fib- 
er 0 ^ 48a composing the incidence side optical system 
of the light-emitting part 118 to a predetermined optical 
component positioned by the component guide 143, and 
the output side optical fiber guide 1 42b for optically cou- 
pling an optical fiber (hereinafter "output side optical fib- 
er") 148b composing the output side optical system of 
the light-receiving part 119 to a predetermined optical 
component positioned by the component guide 143. 
[0175] In the present embodiment, on one end sur- 
face of the incidence side optical fiber 148a, a photonic 
crystal layer functioning as a polarizer (hereinafter, 
"photonic-crystal polarizer") 171 is formed. On one end 
surface of the output side optical fiber 148b, a photonic 
crystal layer functioning as an analyzer (hereinafter, 
"photonic-crystal analyzer") 172 is formed. The cornpo- 
n nt guide 1 43 according to the present embodiment is 
diff rent from that according to the sixteenth embodi- 
ment, since being structured to closely attach and posi- 
tion the A/4 plate 1 02, the first conductive reflective film 
106, the UNb0 3 crystal film 103 as the electro-optic 
crystal, and the second conductive reflective film 1 07. 
Th incidence side fiber guide 142a guides the inci- 
dence side optical fiber 1 48a so that the photonic-crystal 
polarizer 1 71 formed on the end surface of the incidence 
side optical fiber 148a is optically coupled to the A/4 
plate 102 positioned by the component guide 143. The 
output side fiber guide 142b guides the output side op- 
tical fiber 1 48b so that the photonic-crystal analyzer 1 72 
formed on the end surface of the output side optical fiber 
148b is optically coupled to the second conductive re- 
flective film 1 07 positioned by the component guide 1 43. 
Otherthan the above, the optical voltage sensor accord- 
ing the present embodiment is basically similar in struc- 
ture to that according to the sixteenth embodiment. 
Therefore, in the present embodiment, each component 
similar to that in the sixteenth embodiment is provided 
the same reference numeral, and not described herein. 
How to fabricate the photonic-crystal polarizer 171 and 
the photonic-crystal analyzer 1 72 will be described later. 
[0176] In the present embodiment described above, 
as with the sixteenth embodiment, with the improved di- 
rectivity of light in the sensor part and shortened optical 
path, no lens is required. Furthermore, each of a polar- 
izer and an analyzer is formed on the end surface of the 
optical fiber as a photonic crystal layer, thereby further 
shortening the optical path. Thus, the number of com- 
pon nts in the optical voltage sensor is further reduced 
and, accordingly, further cost reduction is achieved. 
Moreover, as with the sixte nth mbodiment, an etalon 
r sonator is formed within an area surrounding the 
LiNbO a crystal film 103 in the sensor part, thereby im- 
proving the directivity of the light beam. If the optical 



path can be shortened enough to dispense with a lens, 
however, such etalon resonator is not required. In this 
case, transparent conductive films may be us d instead 
of the first and second conductive reflective films 106 
5 and 107. 

(Nineteenth embodiment) 

[0177] Described next is an optical voltage sensor ac- 
10 cording to a nineteenth embodiment of the present in- 
vention. 

[0178] The optical voltage sensor according the 
present embodiment is basically similar in structure to 
that according to the thirteenth embodiment as shown 

15 in FIG. 20. Therefore, in the present embodiment, each 
component similar to that in the thirteenth embodiment 
is provided the same reference numeral, and not de- 
scribed herein. Also, the overall operation of the optical 
voltage sensor in the present embodiment is substan- 

20 tially similar to that in the thirteenth embodiment, and 
therefore not described in detail herein. 
[01 79] FIG. 27 is a front perspective view of the optical 
voltage sensor according to the present embodiment, 
specifically showing the main part thereof. As with the 

25 eighteenth embodiment, the optical voltage sensor in- 
cludes the substrate 1 44. Provided on the substrate 144 
are the component guide 143 for closely attaching and 
sequentially positioning on the predetermined optical 
axis 1 08 the optical components that together compose 

30 the sensor part of the optical voltage sensor, the inci- 
dence side optical fiber guide 1 42a for optically coupling 
the incidence side optical fiber 148a composing the in- 
cidence side optical system of the light-emitting part 1 1 8 
to a predetermined optical component positioned by the 

35 component guide 1 43, and the output side optical fiber 
guide 142b for optically coupling the output side optical 
fiber 148b composing the output side optical system of 
the light-receiving part 119 to a predetermined optical 
component positioned by the component guide 143. 

40 [0180] In the present embodiment, on one end sur- 
face of the incidence side optical fiber 1 48a, the phot- 
onic-crystal polarizer 1 71 is formed, which is a photonic 
crystal layer functioning as a linear polarizer. Further 
formed thereon is a photonic-crystal A/4 plate 181, 

45 which is a photonic crystal layer functioning as a A/4 
plate. In other words, by multilayering the photonic-crys- 
tal polarizer 1 71 and the photonic-crystal A/4 plate 181, 
a photonic-crystal multilayeredfilm is formed on one end 
surface of the incidence side optical fiber 1 48a for func- 

50 tioning as a circular polarizer. On one end surface of the 
output side optical fiber 148b, the photonic-crystal ana- 
lyzer 172 is formed, which is a photonic crystal layer 
functioning as an analyzer. 

[0181] The component guide 143 according to the 
55 pres nt embodim nt is different from that according to 
the eighteenth mbodiment, smce being structured to 
closely attach and positi n the first conductive reflective 
film 1 06, the LiNbO a crystal film 1 03 as the electro-optic 
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crystal, and the second conductive reflective film 107. 
The incidence side fiber guide 142a guides the inci- 
dence side optica! fiber 1 48a so that the photonic-crystal 
}JA plate 1 81 formed on the end surface of the incidence 
side optical fiber 148a is optically coupled to the first 
conductive reflective film 106 positioned by the compo- 
nent guide 1 43, The output side fiber guide 1 42b guides 
the output side optical fiber 148b so that the photonic- 
crystal analyzer 1 72 formed on the end surface of the 
output side optical fiber 148b is optically coupled to the 
second conductive reflective film 107 positioned by the 
component guide 143. 

[01 82] Other than the above, the optical voltage sen- 
sor according the present embodiment is basically sim- 
ilar in structure to that according to the sixteenth embod- 
iment. Therefore, in the present embodiment, each 
component similar to that in the sixteenth embodiment 
is provided the same reference numeral, and not de- 
scribed herein. How to fabricate the photonic-crystal po- 
larizer 171 , the photonic-crystal X/4 plate 181 , and the 
photonic-crystal analyzer 172 will be described later. 
[0183] In the present embodiment described above, 
as with the sixteenth embodiment, with the improved di- 
r ctivity of light in the sensor part and shortened optical 
path, no lens is required. Furthermore, each of a linear 
polarizer and a A/4 plate is formed on the end surface 
of the incidence side optical fiber 148a and an analyzer 
on the end surface of the output side optical fiber 148b 
as a photonic crystal layer, thereby further shortening 
the optical path. Thus, the number of components in the 
optical voltage sensor is further reduced and, accord- 
ingly, further cost reduction is achieved. 

(Twentieth embodiment) 

[01 84] Described next is an optical voltage sensor ac- 
cording to a twentieth embodiment of the present inven- 
tion. 

[0185] The optical voltage sensor according the 
present embodiment is basically similar in structure to 
that according to the thirteenth embodiment as shown 
in FIG. 20. However, the polarizer 1 01 and the A/4 plate 
102 in the thirteenth embodiment are realized by a sin- 
gle circular polarizer in the present embodiment. Other 
than that, in the present embodiment, each component 
similar to that in the thirteenth embodiment is provided 
the same reference numeral, and not described herein. 
Also, the overall operation of the optical voltage sensor 
in the present embodiment is substantially similarto that 
in the thirteenth embodiment, and therefore not de- 
scribed in detail herein. 

[0186] FIG. 28 is a front perspective view of the optical 
yoltage sensor according to the present embodiment, 
sp cifically showing the main part thereof. The main part 
is similar in structure to that of the ninete nth embodi- 
ment shown in FIG. 27, except that a photonic crystal 
layer 191 functi ning as a circular polarizer (hereinafter, 
"photonic-crystal circular polarizer") is formed as a sin- 



gle layer on one end surface of the incidence side optical 
fiber 148a. In this respect, the present embodiment is 
different from the nineteenth embodiment, in which a cir- 
cular polarizer is realized by multilayering the photonic- 
5 crystal polarizer 171 and the photonic-crystal A/4 plate 
181. Also, in the present embodiment, the incidence 
side optical fiber guide 1 42a guides the incidence side 
optical fiber 1 48a so that the above photonic-crystal cir- 
cular polarizer 1 91 formed on the end surface of the in- 
to cidence side opticalfiber 148a is optically coupled to the 
first conductive reflective film 106 positioned by the 
component guide 143. Other than that, the structure is 
similarto that of the nineteenth embodiment. How to fab- 
ricate the photonic-crystal circular polarizer 191 and the 
15 photonic-crystal analyzer 172 has been described 
above (refer to FIG. 1). 

[0187] In the present embodiment described above, 
as with the nineteenth embodiment, with the improved 
directivity of light in the sensor part and shortened opti- 
ma cal path, no lens is required. Furthermore, a circular po- 
larizer is formed on the end surface of the incidence side 
optical fiber 148a and an analyzer on the end surface of 
the output side optical fiber 148b as a photonic crystal 
layer, thereby further shortening the optical path. Thus, 
25 as with the nineteenth embodiment, the number of com- 
ponents in the optical voltage sensor is further reduced 
and, accordingly, further cost reduction is achieved. Fur- 
thermore, in the present embodiment, the photonic- 
crystal polarizer 171 and the photonic-crystal A/4 plat 
30 1 81 in the nineteenth embodiment is realized by a single 
photonic-crystal layer functioning as a circular polarizer, 
that is, the photonic-crystal circular polarizer 191. 
Therefore, advantageously, cost can be further re- 
duced. 

35 

(Twenty-first embodiment) 

[0188] Described next is an optical magnetic-field 
sensor according to a twenty-first embodiment of the 
^0 present invention. 

[0189] The optical magnetic-field sensor according 
the present embodiment includes a magneto-optic crys- 
tal film 201 , instead of the A/4 plate 102, the first con- 
ductive reflective film 106, the LiNbO s crystal film 103, 
45 and the second conductive reflective film 1 07 that are 
positioned by the component guide 143 in the optical 
voltage sensor according to the eighteenth embodiment 
shown in FIG. 26. For use, this optical magnetic-field 
sensor applies, to the magneto-optic crystal film 206 in 
50 the X-axis direction (optical axis direction), the a mag- 
netic field induced by a current flowing through a power 
transmission line, an electricity distribution line, or other 
line, and measures the intensity of that magnetic field. 
Therefore, the LiNb0 3 crystal film 103 of the electro-op- 
55 tic crystal does not requir electrodes or lead wires for 
applying an electric field (voltage). Other than that, the 
optical magnetic-field sensor according to the present 
embodiment is basically similar in structure to that ac- 
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cording to the eighteenth embodiment. Therefore, in the 
present embodiment, each component similar to that in 
the thirteenth embodiment is provided the same refer- 
ence numeral, and not described herein. Such optical 
magnetic-field sensor measures the intensity of the 
magnetic field induced by the current flowing through a 
power transmission line, an electricity distribution line, 
or other line, thereby detecting the amount of current. 
[0190] FIG. 29 is a front perspective view of theoptical 
magnetic-field sensor according to the present embod- 
iment, specifically showing the main part thereof. This 
optical magnetic-field sensor, includes the substrate 
144. Provided on the substrate 144 are the component 
guide 143 for positioning the magneto-optic crystal film 
201 on the predetermined optical axis 108, the inci- 
dence side optical fiber guide 1 42a for optically coupling 
the incidence side optical fiber 148a composing the in- 
cidence side optical system of the light-emitting part 118 
to the magnelo-oplic crystal film 102 positioned by the 
component guide 143, and the output side optical fiber 
guide 142b for optically coupling the output side optical 
fiber 148b composing the output side optical system of 
th light-receiving part 1 1 9 to the magneto-optic crystal 
film 201 positioned by the component guide 143. 
[0191] In the present embodiment, as with the eight- 
eenth embodiment, on one end surface of the incidence 
side optical fiber 148a, the photonic-crystal polarizer 
1 71 functioning as a linear polarizer 171 is formed. On 
one end surface of the output side optica) fiber 1 48b, the 
photonic-crystal analyzer 172 is formed. The incidence 
side fiber guide 142a guides the incidence side optical 
fiber 148a so that the photonic-crystal polarizer 171 
formed on the end surface of the incidence side optical 
fiber 1 48a is optically coupled to one end surface of the 
magneto-optic crystal film 201 positioned by the com- 
ponent guide 143. The output side fiber guide 142b 
guides the output side optical fiber 1 48b so that the pho- 
tonic-crystal analyzer 1 72 1orme6 on the end surface of 
the output side optical fiber 148b is optically coupled to 
the other end surface of the magneto-optic crystal film 
201 positioned by the component guide 143. In this 
manner, the photonic-crystal polarizer and analyzer 1 71 
and 172 optically coupled to the two surfaces of the 
magneto-optic crystal film 201 are so set as that their 
setting directions have an angle of 45°. Therefore, a di- 
rection of polarization of the linearly polarized light after 
passing through the photonic-crystal polarizer 171 de- 
viates by 45 degrees from that after passing through the 
photonic-crystal analyzer 172. 

[0192] In the above optical magnetic-field sensor as 
structured above, unpolarized light emitted from the light 
source of the light emitting part passes through the pho- 
tonic-crystal polarizer 171 formed on the end surface of 
the incidence side optical fiber 1 48a to become linearly 
polarized light. The linearly polarized light goes into the 
magn to-optic crystal film 201 , in which the direction of 
polarization is rotated by an angle acc rding to the in- 
tensity of components of a magnetic field Hm that are 



perpendicularly applied to the magneto-optic crystal film 
201. After passing through the magneto-optic crystal 
film 201 , the linearly polarized light goes through the 
photonic-crystal analyzer 172 formed on the end sur- 

s face of the output side optical fiber 148 to an optical- 
electrical conversion device in the light-receiving part, 
and converted therein into an electrical signal. The 
amount of light of the linearly polarized light is changed 
according to the rotation angle of the direction of polar- 

10 ization in the magneto-optic crystal film 1 02. Therefore, 
based on the electrical signal outputted from the optical- 
electrical conversion device in the light-receiving part, 
the intensity of the magnetic field Hm applied to the mag- 
neto-optic crystal film 201 . 

is [01 S3] According to the present embodiment de- 
scribed above, each of a polarizer and an analyzer is 
formed on the end surface of the optical fiber as a pho- 
tonic crystal layer. Therefore, the number of compo- 
nents is reduced. Also, it is possible to shorten the op- 

20 tical path, in which the light from the light source in the 
light-emitting part comes into the incidence side optical 
fiber 1 48a, goes through the polarizer 1 71 . the magneto- 
optic crystal film 201 , and the analyzer 172, and reaches 
the end surface of the output side optical fiber 148b. 

25 With this shortened optical path, no lens is required in 
the present embodiment, thereby further reducing the 
number of components and, accordingly, reducing cost. 

(Twenty-second embodiment) 

30 

[01 94] Described next is an optical voltage sensor ac- 
cording to a twenty-second embodiment of the present 
invention. 

[0195] The optical voltage sensor according to the 
35 present embodiment is of longitudinal-modulation type, 
and basically similar in structure to that according to the 
thirteenth embodiment (refer to FIG. 20). On the other 
hand, the specific structure is similar to that according 
to the conventional optical voltage sensor shown in FIG. 
40 33, where a cubic PBS (Polarization Beam Splitter) is 
used. 

[01 96] FIG . 30 is a front perspective view of the optical 
voltage sensor according to the present embodiment, 
specifically showing the structure. This optical voltage 
45 sensor includes the sensor part, the light-emitting part, 
the signal processing circuits on the light-emitting side 
and the light-receiving side (not shown) , The sensor 
part includes a cubic PBS 241 as a polarizer, a X/4 plate 
242, the first conductive reflective film 106, an electro- 
so optic crystal 242, the second conductive reflective film 
107, and a cubic PBS 244 as an analyzer, all placed 
sequentially on the same optical axis. The light-emitting 
part is structured by the E/O circuit including the light- 
emitting device as a light source, and the incidence side 
55 optical system composed of the optical fiber 246a, the 
ferrule 248a, a "GRIN lens 247a of 0.25 pitch, and a hold- 
er 245a, all of th se arranged on the same optical axis 
and attached together on each optical axis plane with 
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an adhesive. The light-emitting part includes the output 
side optical system composed of the optical fiber 246b, 
the ferrule 248b, the GRIN lens 247b of 0. 25 pitch, and 
the holder 245b, all of these arranged on the same op- 
tical axis and attached together on each optical axis 
plane with an adhesive, and the O/E circuit including the 
device for converting an optical signal emitted from the 
output side optical system into an electrical signal. 
[01 97] In the sensor part of the above optical voltage 
sensor, the polarizer241 , the A/4 plate 242, the first con- 
ductive reflective film 1 06, the electro-optic crystal 243, 
the second conductive reflective film 1 07, and the ana- 
lyzer 244 all arranged on the same optical axis are at- 
tached together on each optical axis plane with an ad- 
hesive. The first conductive reflective film 106 is con- 
nected to one of the electrodes 249, while the second 
conductive reflective film 107 to the other The voltage 
Vmxo be measured is applied between these electrodes 
249. 

[01 98] The signal processing circuits in the light-emit- 
ting and light-receiving sides are respectively connected 
through the light-emitting part and the light-receiving 
part to the sensor part. In the sensor part, the polarizer 
241 is fixed, with an adhesive, at its plane of incidence 
to th optical axis plane of the GRIN lens 247a in the 
light-emitting part. The analyzer 244 is fixed, with an ad- 
hesive, at its plane of emittance to the optical axis plane 
of the GRIN lens 247b. The adhesively fixed sensor part, 
incidence side optical system in the light-ernitting part, 
and output side optical system in the light-receiving part 
are mechanically fixed to a case (not shown). As the ad- 
hesive for the optical components in the above optical 
voltage sensor, epoxy resin or urethane resin is used. 
In this optical voltage sensor, used as the electro-optic 
crystal 243 is Bi 12 Si0 20 (BSO), KH 2 P0 4 (KDP) , or a nat- 
ural birefringent material such as LiNbO a and LiTa0 3 , 
for example. 

[0199] In the above structure, attached together at 
each optical plane with an adhesive are the light-emit- 
ting part and the sensor part, the light-receiving part and 
the sensor part, their components. However, each opti- 
cal component composing the sensor part is preferably 
supported by frictions between the surfaces. That is, at- 
tached at each optical axis plane without an adhesive 
are as follows: the cubic PBS as the polarizer 241 of the 
emittance side and the A/4 plate 242 of the incidence 
sid ; the A/4 plate 242 of the emittance side and the first 
conductive reflective film 1 06 of the incidence side; the 
first conductive reflective film 1 06 of the emittance side 
and the electro-optic crystal 243 of the incidence side; 
the electro-optic crystal 243 of the emittance side and 
the second conductive reflective film 107 of the inci- 
dence side; and the second conductive reflective film 
1 07 of the emittance side and the analyzer 244 of the 
incid nee side. Via thes five non-adhesive surfac s, 
the A/4 plate 242, the first conductive reflection film 1 06, 
the electro-optic crystal 243, and the second conductive 
reflection film 107 are supported by friction with appro- 



priate force between the polarizer 241 adhesively at- 
tached to the incidence side optical system and the an- 
alyzer 244 adhesively attached to the output side optical 
system. With such structure, the temperature depend- 
5 ency of the electro-optic crystal 243 can be improved by 
relaxing stress thereto (refer to Japanese Patent Laid- 
Open Publication No. 9-145745 (1997-145745)). 
[0200] In the sensor part according to the present em- 
bodiment, as with the thirteenth embodiment, the thick- 
ness of each optical component composing the sensor 
part, for example is so structured as that the interval be- 
tween the first and second conductive reflective films 
106 and 107 becomes an integral multiple of half the 
wavelength of incident light supplied to the sensor part . 
Thus, in an area surrounding the electro-optic crystal 
243 therebetween, an etalon resonator is formed. 
[0201] According to the present embodiment as de- 
scribed above, with such etalon resonator, the state of 
light beam becomes stabilized. Therefore, even if the 
beam state of the incident light 1 09 to the sensor part is 
varied due to tolerances among optics, the temperature 
dependency of the output from the optical voltage sen- 
sor is not varied and becomes stabilized. 
[0202] While the invention has been described in de- 
tail, the foregoing description is in all aspects illustrative 
and not restrictive. It is understood that numerous other 
modifications and variations can be devised without de- 
parting from the scope of the invention. 



1 . A method of fabricating a photonic crystal, compris- 
ing the step of forming the photonic crystal (223) 

35 directly on an end surface of at least one optical f ib- 
er (148) as a substrate. 

2. The photonic crystal fabricating method according 
to claim 1 , wherein 

40 

the forming step includes the steps of : 
tying a plurality of optical fibers (148) in bundle 
with each end surface aligned on a same plane 
to form an optical fiber bundle (224); and 
45 growing the photonic crystal (223) directly on 

an end surface of said optical fiber bundle (224) 
formed by the end surfaces of the optical fibers 
aligned on the same plane as the substrate, 
by separating said optical fiber bundle (224) in- 
so to the optical fibers (1 48), the photonic crystal 

(223) formed on said each end surface of the 
optical fibers (148) is obtained. 

3. The photonic crystal fabricating method according 
55 to claim 1 , comprising th steps of: 

proc ssingth nd surface (226) f the optical 
fiber (148) so that the end surface (226) forms 
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a predetermined angle with an optical axis 
(225) of the optical fiber (148); and 
growing the photonic crystal (223) directly on 
said processed end surface (226) as the sub- 
strate in a direction (227) normal to the end sur- 
face (226). 

4. The photonic crystal fabricating method according 
to claim 1 , wherein 

said photonic crystal (223) is grown on said 
substrate by periodically muttilayering particles 
(221 ) having a refractive index higher than air on 
said substrate in a direction normal to said sub- 
strate. 

5. The photonic crystal fabricating method according 
to claim 1 , wherein 

a pattern is formed on said substrate for arbi- 
trarily arranging particles (221) having a refractive 
index higher than air on said substrate. 

6. A method of fabricating a photonic crystal, compris- 
ing the step of forming the photonic crystal by mak- 
ing, in a predetermined section along an optical axis 
of an optical fiber (1) composed of a core (3) through 
which light propagate and a clad (4) surrounding the 
core (3), a plurality of columns penetrate through 
said core (3). 

7. The photonic crystal fabricating method according 
to claim 6, comprising the steps of: 

partially removing said clad (3) in said prede- 
termined section from said optical fiber (1) to 
form at least one plane parallel to said optical 
axis (2); and 

forming, perpendicularly to said plane formed 
in said removing step, a plurality of holes pen- 
etrating said core (3). 

8. An optical transmission member for transmitting 
light having a predetermined wavelength, compris- 
ing: 

an optical fiber (1) for transmitting the light in- 
putted at one end surface thereof to another 
end surface thereof for output; and 
a photonic crystal layer formed on at least ei- 
ther one of the end surfaces of said optical fiber 
(1) and functioning as a linear polarizer for the 
light having said wavelength. 

9. An optical transmission member for transmitting 
light having a predetermined wavelength, compris- 
ing: 

an optical fiber (1) for transmitting the light in- 
putted at one end surface thereof to another 



end surface thereof for output; and 
a photonic crystal layer formed on at least ei- 
ther one of the end surfaces of said optical fiber 
(1) and functioning as a A/4 plate for the light 
5 having said wavelength. 

10. An optical transmission member for transmitting 
light having a predetermined wavelength, compris- 
ing: 

10 

an optical fiber (1) for transmitting the light in- 
putted at one end surface thereof to another 
end surface thereof for output; and 
a photonic crystal layer formed on at least ei- 
15 ther one of th e end surfaces of said optical fiber 

(1) and functioning as a photonic-crystal circu- 
lar polarizer for the light having said wave- 
length. 

20 11. The optical transmission member according to 
claim 1 0, wherein 

said photonic-crystal circular polarizer in- 
cludes: 

25 a first photonic crystal iayer functioning as a po- 

larizer for converting unpolarized light of said 
wavelength into linearly polarized light: and 
a second photonic crystal layer functioning as 
a A/4 plate for converting the linearly polarized 

30 light of said wavelength obtained through said 

first photonic crystal layer into circularly polar- 
ized light. 

12. The optical transmission member according to 
35 claim 10, wherein 

said photonic-crystal circular polarizer is 
formed as photonic crystal layers having a periodic 
structure in which a high magnetic permeability po- 
tion having first magnetic permeability and a low 
40 magnetic permeability portion having second mag- 
netic permeability lower than the first magnetic per- 
meability. 

13. An optical device structured by forming a photonic 
45 crystal on an optical fiber (1) composed of a core 

(3) through which light propagate and a clad (4) sur- 
rounding the core (3), comprising: 

at least one functional part (7, 8) formed as 
said photonic crystal with a plurality of columns (5, 
so 6) penetrating through said core (3) in a predeter- 
mined section of said optical fiber (1) along an op- 
tical axis (2) of said optical fiber (1); and 

a propagation part for propagating the light as 
a function of said optical fiber (1 ). 

55 

14. The optical d vice according to claim 13, wherein 

said functional part (7, 8) is formed by the plu- 
rality of columns (5, 6) parallel to each other and 
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periodically distributed on a plane perpendicular to 
a longitudinal direction of said columns. 

15. The optical device according to claim 13, wherein 

said plurality of columns (5, 6) forming said 
functional part (7, 8) penetrate through said core (3) 
and said clad (4) of said optical fiber (1). 

16. The optical device according to claim 13, wherein 

said plurality of columns (5, 6) forming said 
functional part (7, 8) have a refractive index different 
from a refractive index of material forming said core 
(3). 

17. The optical device according to claim 16, wherein 

all or part of said plurality of columns forming 
said functional part (8) is a hole (6). 

18. The optical device according to claim 16, wherein 

all or part of said plurality of columns forming 
said functional part (7) is made of material having a 
Faraday effect. 

19. The optical device according to claim 18, further 
comprising a magnetic field generator (95) for ap- 
plying a magnetic field (20, 94) to said functional 
part (7). 

20. The optical device according to claim 16, wherein 

all or part of said plurality of columns forming 
said functional part (7) is made of material having 
an electro-optic effect. 

21. The optical device according to claim 20, further 
comprising electrodes (9, 59) for applying an elec- 
tric field to said functional part (7). 

22. The optical device according to claim 21 , wherein 

said electrodes (9, 59) are provided on a sur- 
face formed by partially removing said clad (4). 

23. The optical device according to claim 22, wherein 

said electrodes (9, 24, 25) are provided in pair 
on a surface perpendicular to a longitudinal direc- 
tion of said plurality of columns (19) forming said 
functional part (7). 

24. The optical device according to claim 23, wherein 

said electrodes (9) are provided in pair on two 
surfaces (23) parallel and opposed to each other 
with said functional part (7) therebetween, and per- 
pendicular to the longitudinal direction of said plu- 
rality of columns (19) forming said functional part 
(7). 

25. Th optical device according to claim 22, wherein 

said lectrodes (26) are provided in pair on 
two surfaces (32) parallel and opposed to each oth- 



er with said functional part (7) therebetween, and 
parallel to said optical axis (2) and the longitudinal 
direction of said plurality of columns (19) forming 
said functional part (7). 

5 

26. The optical device according to claim 21 , wherein 

said electrodes (25) are arranged to apply 
said electric field to said functional part (7) in a di- 
rection parallel to the optical axis (2) of said optical 
10 fiber (1). 

27. The optical device according to claim 21 , wherein 

said electrodes (24, 26) are arranged to apply 
said electric field to said functional part (7) perpen- 
dicuiariy to a longitudinal direction of said plurality 
of columns (1 9) forming said functional part (7) and 
the optical axis (2) of said optical fiber (1). 

28. The optical device according to claim 21 , wherein 
20 said electrodes (87, 88) are arranged to apply 

the electric field to form a predetermined angle with 
a longitudinal direction of said plurality of columns 
(19) along a plane perpendicular to said optical axis 
(2). 

25 

29. The optical device according to claim 13, wherein 

said functional part (7, 8) is plurally provided 
along the optical axis (2) of said optical fiber (1 ) at 
predetermined intervals. 

30 

30. The optical device according to claim 29, wherein 

said functional part includes 

a first functional part (7) composed of a plurality 

35 of columns (5) parallel to each other and peri- 

odically distributed on a plane perpendicular to 
a longitudinal direction of the columns, said col- 
umns made of a Faraday crystal having a re- 
fractive index different from a refractive index 

40 of material forming said core (3); and 

a second functional part (8) composed of a plu- 
rality of holes (6) parallel to each other and dis- 
tributed on a plane perpendicular to a longitu- 
dinal direction of the holes, and 

45 

the longitudinal direction of said plurality of 
columns (5) forming said first functional part (7) 
forms an angle of 45° with the longitudinal direction 
of said holes (6) forming said second functional part 
so (8) along a plane perpendicular to said optical axis 
(2). 

31 . The optical device according to claim 29, wherein 

said functional part includes 

55 

a first functional part (7) composed of a plurality 
of columns (55) parallel to each other and pe- 
riodically distributed on a plane perpendicular 



30 



DOCID: <EP • 



1168O08A2J_> 



57 



EP 1 168 008 A2 



58 



fibers (41,42); and 

a guide (48) for mechanically adjusting an op- 
tical axis (49) of said first optical fiber (41 ) and 
an optical axis (49) of said second optical fiber 

5 (42), wherein 

a longitudinal direction of said holes (43) of said 
first optical fiber (41 ) forms an angle of 45° with 
a longitudinal direction of said holes (44) of said 
second optical fiber (42) along a plane perpen- 

10 dicular to said optical axis (49). 



to a longitudinal direction of the columns, said 
columns made of an electro-optic crystal hav- 
ing a refractive index different from a refractive 
inacx of material forming said core (3); and 
a second functional part (8) composed of a plu- 
ral ty of first holes (56) parallel to each other 
and distributed on a plane perpendicular to a 
longitudinal direction of the first holes, and 
the longitudinal direction of said plurality of col- 
umns (55) forming said first functional part (7) 
is perpendicular or parallel to the longitudinal 
direct on of said first holes (56) forming said 
second functional part (8) along a plane per- 
pendicular to said optical axis (2). 

32. The optical device according to claim 31 , wherein 

said functional pan turther comprises a third 
functional J part <6°) composed of a plurality of 
second hole* f 66 > ya» allot to each other and pe- 
riodically distributee on a plane in a longitudinal 
direction of the second holes and 
the longitudinal ^»ccton oi said plurality of col- 
umns (64) forming i_ t id first functional part (7) 
is perpend icu i r«f c p**t«iio\ to the longitudinal 
direction of sa»d second holes (66) forming said 
third functional p~n r6<*i along the plane per- 
pendicular to **trt op »r^l axis (2) 

33. The optical device according to claim 13, wherein 

said function*) pan < 78 ) is formed as a phot- 
onic crystal with a prcocfermined refractive index 
and state of distribution to have a wavelength dis- 
persion charactenst>c of recovering a waveform 
(79a) of the light to bo a steep waveform (79b) for 
output, the light being spread by a wavelength dis- 
persion characterise unique to an optical fiber 
through which the light passed before inputted to 
said optical fiber (7i) 

34. The optical devee according io claim 13, further 
comprising a guide ( 1 2 ) f cr surrounding said optical 
fiber (1), wherein 

said guide (12) is cyimdncally shaped having 
a diameter approximat e^ equal to a diameter of a 
ferrule (14) of anotner optical fiocr connected to 
said optical fiber { 1 } 

35. An optical device, compter* 3 

first and second cpt*eai fibers (41 , 42) formed 
by a plurality o- holes (43 44) parallel to each 
other penetrating through the core (45) in a pre- 
determined section itiorg an optical axis (49) 
and periodically drsf outed on a plane perpen- 
dicular to a lon^iti.rhr^i rjirection of the holes; 
a Faraday devce j4 7) pixccct to be closely at- 
tached between sa»c first and second optical 



36. An optical sensor including a light-emitting part 
(118) for emitting a light beam; a sensor part includ- 
ing circular polarizer means for converting unpolar- 

15 ized light into circularly polarized light, an electro- 
optic crystal film (103), and an analyzer (104) se- 
quentially arranged on a predetermined optical axis 
set along an optical path of said light beam; and a 
light-receiving part (119) for receiving said light 

zo beam after passing through said sensor part, said 
optical sensor for measuring, based on said light 
beam received by said light-receiving part (119), a 
voltage applied to said electro-optic crystal film 
(103), wherein 

25 

said light-emitting part (118) includes a first op- 
tical fiber (246a) for inducing said light beam 
into said sensor part, 

said light-receiving part (119) includes a sec- 
30 ond optical fiber (246b) for inducing, from said 

sensorpart, said light beam after passing there- 
through, 

said circular polarizer means includes 

35 a polarizer (101) for converting the unpo- 

larized light into linearly polarized light; and 
a A/4 plate (102) for converting the linearly 
polarized light into the circularly polarized 
light, 

40 

said polarizer (1 01 ) is formed on an end surface 
of said first optical fiber (246a) as a photonic 
crystal layer for converting said light beam from 
said light-emitting part (118) into a linearly po- 
45 larized beam, and 

said analyzer (1 04) is formed on an end surface 
of said second optical fiber (246b) as a photonic 
crystal layer for converting said light beam after 
passing through said sensor part into a linearly 
so polarized beam. 

37. The optical sensor according to claim 36, wherein 

said A/4 plate (1 81 ) is formed on said polarizer 
(1 71 ) as a photonic crystal layer for converting said 
55 linearly polarized light beam obtained by said polar- 
izer (171) into a circularly polarized light beam. 

38. The optical sensor according to claim 36, further 
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comprising: 

a first reflective film (106) having a reflection 
plane perpendicular to said optical axis and 
placed between said circular polarizer means 
and said electro-optic crystal film (103); 
a second reflective film (107) having a reflec- 
tion plane perpendicular to said optical axis and 
placed between said electro-optic crystal film 
(103) and said analyzer (104); and 
a substrate (144) on which said sensor part is 
mounted, wherein 

an interval between said first reflective film 
(106) and said second reflective film (107) is an 
integer multiple of half a wavelength of said 
light beam, 

said substrate (144) includes 

a component guide (143) for positioning 
said first reflective film (106), said electro- 
optic crystal film (1 03), and said second re- 
flective film (107) on said optical axis; 
a first fiber guide ( 1 42a) for positioning said 
first optical fiber (246a) to optically couple 
said circular polarizer means as the phot- 
onic crystal layerformed in said first optical 
fiber(246a) to said first reflective film (1 06); 
and 

a second fiber guide (142b) for positioning 
said second optical fiber (246b) to optically 
couple said analyzer (104) as the photonic 
crystal layer formed in said second optical 
fiber (246b) to said second reflective film 
(107). 

39. The optical sensor according to claim 36, further 
comprising: 

a first reflective film (106) having a reflection 
plane perpendicular to said optical axis and 
placed between said circular polarizer means 
and said electro-optic crystal film (103); and 
a second reflective film (107) having a reflec- 
tion plane perpendicular to said optical axis and 
placed between said electro-optic crystal film 
(103) and said analyzer (104), wherein 
an interval between said first reflective film 
(1 06) and said second reflective film (1 07) is an 
integer multiple of half a wavelength of said 
light beam. 

40. An optical sensor including a light-emitting part 
(118) for emitting a light beam; a sensor part includ- 
ing circular polarizer means for converting unpolar- 
ized light into circularly polariz d light, an electro- 
optic crystal film (103), and an analyzer (104) se- 
qu ntially arranged on a predetermined ptical axis 
set along an optical path of said light beam; and a 



light- receiving part (119) for receiving said light 
beam after passing through said sensor part, said 
optical sensor for measuringi based on said light 
beam received by said light-receiving part (119), a 
s voltage applied to said electro-optic crystal film 
(103), wherein 

said light-emitting part (118) includes a first op- 
tical fiber (246a) for inducing said light beam 
10 into said sensor part, 

said light-receiving part (119) includes a sec- 
ond optical fiber (246b) for inducing, from said 
sensor part, said light beam after passing there- 
through, 

*5 said circular polarizer means is formed on an 

end surface of said first optical fiber (246a) as 
a photonic crystal layer for converting said light 
beam from said light-emitting part (118) into a 
circularly polarized beam, and 

20 said analyzer (1 04) is formed on an end surface 

of said second optical fiber (246b) as a photonic 
crystal layer for converting said light beam after 
passing through said sensor part into a linearly 
polarized beam. 

25 

41. The optical sensor according to claim 40, further 
comprising: 

a first reflective film (106) having a reflection 
30 plane perpendicular to said optical axis and 

placed between said circular polarizer means 
and said electro-optic crystal film (103); and 
a second reflective film (107) having a reflec- 
tion plane perpendicular to said optical axis and 
35 placed between said electro-optic crystal film 

(103) and said analyzer (104), wherein 
an interval between said first reflective film 
(106) and said second reflective film (107) is an 
integer multiple of half a wavelength of said 
40 light beam. 

42. The optical sensor according to claim 40, further 
comprising: 

45 a first reflective film (106) having a reflection 

plane perpendicular to said optical axis and 
placed between said A./4 plate (102) and said 
electro-optic crystal film (103); 
a second reflective film (107) having a reflec- 

so tion plane perpendicular to said optical axis and 

placed between said electro-optic crystal film 
(103) and said analyzer (104); and 
a substrate (1 44) on which said sensor part is 
mounted, wherein 

55 an int rval betwe n said first reflectiv film 

(106) and said s cond reflective film (107) is an 
integer multiple of half a wavelength of said 
light beam, and 
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said substrate (144) includes 

a component guide (143) for positioning 
said A/4 plate (102), said first reflective film 

(106) , said electro-optic crystal film (103), 5 
and said second reflective film (107) on 
said optical axis; 

a first fiber guide (1 42a) for positioning said 
first optical fiber (246a) to optically couple 
said circular polarizer means as the phot- 10 
onic crystal layer formed in said first optical 
fiber (246a) to said X/4 plate (102); and 
a second fiber guide (142b) for positioning 
said second optical fiber (246b) to optically 
couple said analyzer (104) as the photonic 1$ 
layer formed in said second optical fiber 
(246b) to said second reflective film (107). 

43. The optical sensor according to claim 40, further 
comprising: 20 

a first reflective film (106) having a reflection 
plane perpendicular to said optical axis and 
placed between said circular polarizer means 
and said electro-optic crystal film (1 03); 2$ 
a second reflective film (107) having a reflec- 
tion plane perpendicular to said optical axis and 
placed between said electro-optic crystal film 
(103) and said analyzer (104); and 
a substrate (144) on which said sensor part is 30 
mounted, wherein, 

an interval between said first reflective film 
(1 06) and said second reflective film (1 07) is an 
integer multiple of half a wavelength of said 
light beam, and 35 
said substrate (144) includes 

a component guide (143) for positioning 
said first reflective film (106), said electro- 
optic crystal film (1 03), and said second re- *o 
flective film (107) on said optical axis; 
a first fiber guide (1 42a) for positioning said 
first optical fiber (246a) to optically couple 
said circular polarizer means as the phot- 
onic crystal layer formed in said first optical 45 
fiber (246a) to said first reflective film (106); 
and 

a second fiber guide (1 42b) for positioning 
said second optical fiber (246b) to optically 
couple said analyzer (104) as the photonic so 
crystal layer formed in said second optical 
fiber (246b) to said second reflective film 

(107) . 

44. An optical sensor including a light-emitting part 55 
(1 1 8) for emitting a light beam; a sensor part includ- 
ing a polariz r (171), a magneto-optic crystal film 
(201), and an analyzer (104) sequentially arranged 



on a predetermined optical axis set along an optical 
path of said light beam; and a light-receiving part 
(119) for receiving said light beam after passing 
through said sensor part, said optical sensor for 
measuring, based on said light beam received by 
said light-receiving part (119), a voltage applied to 
said magneto-optic crystal film (201), wherein 

said light-emitting part (118) includes a first op- 
tical fiber (246a) for inducing said light beam 
into said sensor part, 

said light-receiving part (119) includes a sec- 
ond optical fiber (246b) for inducing said light 
beam for said sensor part, 
said polarizer (1 71 ) is formed on an end surface 
of said first optical fiber (246a) as a photonic 
crystal layer for converting said light beams 
from said light-emitting part (118) into a linearly 
polarized light beam, and 
said analyzer (1 72) is formed on an end surface 
of said second optical fiber (246b) as a photonic 
crystal layer for converting into said light beams 
after passing through said sensor part into a lin- 
early polarized beam. 

45. The optical sensor according to claim 44, further 
comprising 

a substrate (144) on which said sensor part is 

mounted, wherein 

said substrate (144) includes 

a component guide (143) for positioning 
said magneto-optic crystal film (201) on 
said optical axis; 

a first fiber guide (1 42a) for positioning said 
first optical fiber (246a) to optically couple 
said polarizer (171) as the photonic crystal 
layer formed in said first optical fiber <246a) 
to said magneto-optic crystal film (201); 
and 

a second fiber guide (1 42b) for positioning 
said second optical fiber (246b) to optically 
couple said analyzer (1 72) as the photonic 
crystal layer formed in said second optical 
fiber (246b) to said magneto-optic crystal 
film (201). 

46. An optical sensor including a light-emitting part 
(1 1 8) for emitting a light beam; a sensor part includ- 
ing a polarizer (101), a X/4 plate (102), an electro- 
optic crystal (103), and an analyzer (104) sequen- 
tially arranged on a predetermined optical axis set 
along an optical path of said light beam; and a light- 
receiving part (119) for rec iving said light beam af- 
ter passing through said s nsor part, said optical 
sensor for measuring, based on said light b am re- 
ceived by «aid light- receiving part (119), a voltage 
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applied to said electro-optic crystal (103), said op- 
tical sensor further comprising: 

a first reflective film (106) having a reflection 
plane perpendicular to said optical axis and 
placed between said A /4 plate (102) and said 
electro-optic crystal (103); and 
a second reflective film (107) having a reflec- 
tion plane perpendicular to said optical axis and 
placed between said electro-optic crystal (1 03) 
and said analy/cr (104), wherein 
an interval between said first reflective film 
( 1 06) and said second reflective film (1 07) is an 
integer multiple of half a wavelength of said 
light beam 

47. The optical sensor according to claim 46, wherein 

said first and. second reflective films (106, 107) 
are conductive rind 

said voltrtgc to bo measured is applied between 
said first rctk>ci*vc film (106) and said second 
reflective U\m (i 07j 

48. The optical sontc according to claim 47, wherein 

said olectto opitc c*YV.ai (1C3) and said A/4 
plate (102) arc puced so that a direction of a fast- 
axis for an ehp<v? mnr ^tivo r>f a refractive index of 
said electro-optc cysai 103) with respect to said 
light beam is equal to a direction of a fast-axis for 
an ellipse indicative ot a 'otractivc index of said A/ 
4 plate (1 02) with respect to said light beam. 

49. The optical sensor according to claim 47, wherein 

at least one of satd f rst and second reflective 
film (106. 107) is an conductive reflective film 
composed ot a transparent conductive film and 
a reflective film and 

an interval be: ween said first reflective film 
(1 06) and said second reflective film (1 07) is an 
integer multiple of half a wavelength of said 
light beam 



tive film (1 06) closest to said electro-optic crys- 
tal (103) and a second adjacent layer compos- 
ing said second reflective film (107) closest to 
said electro-optic crystal (103) are same in 
5 type, and 

an interval between said first adjacent layer and 
said second adjacent layer is the integer multi- 
ple of half the wavelength of said light beam. 

10 51. The optical sensor according to claim 46, further 
comprising 

a substrate (144) on which said sensor part is 
mounted, wherein 
15 said light-emitting part (118) includes a first op- 

tical fiber (246a) for inducing said light beam 
into said sensor part, 

said light-receiving part (119) includes a sec- 
ond optical fiber (246b) for inducing, from said 
20 sensor part, said light beam after passing there- 

through, and 

said substrate (144) includes 

a component guide (143) for positioning 
25 said polarizer (101), said A/4 plate (102), 

said first reflective film (106), said electro- 
optic crystal film (103), said second reflec- 
tive film (107), and said analyzer (104) on 
said optical axis; 
30 afirstfiberguide(142a)forpositioningsaid 
first optical fiber (246a) to optically couple 
said first optical fiber (246a) to said polar- 
izer (101); and 

a second fiber guide (142b) for positioning 
35 said second optical fiber (246b) to optically 

couple said second optical fiber (246b) to 
said analyzer (104). 

52. The optical sensor according to claim 46, further 
40 comprising 

a pair of electrodes (151) for applying said 
voltage to be measured to said electro-optic crystal 
(103) perpendicularly to said optical axis. 
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50. The optical sensor accoramg to claim 46, wherein 



45 53. The optical sensor according to claim 46, further 
comprising: 

a functional part including said A/4 plate (102), 
said first reflective film (1 06), said electro-optic 
crystal (103), and said second reflective film 
(107); 

a first optical propagation part including a first 
optical fiber (246a), a first lens, and said polar- 
izer (1 01 ) for inducing said light beam into said 
functional part; and 

a second optical propagation part including a 
second optical fiber (246b), a second lens, and 
said analyzer (1 04) for inducing, from said f unc- 



said first and second reflective films (1 06, 107) 
are muttilayered films* each formed by alter- 
nately multilaycring a high-rcfractive-index lay- 
er (131) having a first retractive index, and a so 
I ow- refractive ndcx layer (132) having a sec- 
ond refractive mdci lower than the first refrac- 
tive index, 

a sum of a thickness of said high-refractive-in- 
d x layer (131 ) and * th ckness of said low-re- 55 
fractive-index layer :13?) is one-quarter the 
wavelength of said light beam 
a first adjacent layer composing said first ref lec- 
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tional part, said light beam after passing there- 
through, wherein 

said a/4 plate (102), said first reflective film 
(106). said electro-optic crystal (103), and said 
second reflective film (107) forming said func- 5 
tionat part are held between said polarizer (1 01 ) 
foming said first optical propagation part and 
said analyzer (1 04) forming said second optical 
propagation part, by friction produced on sur- 
I rices m contact with each other. w 
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